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ISOLATION AND CHARACTERIZATION OF A GENETIC LOCUS THAT
CONFERS TOLERANCE TO CADMIUM AND ZINC IN
PSEUDOMONAS FLUORESCENS
Szi Fei Feng, M.S.
Western Michigan University, 2000
This thesis describes the isolation and characterization of a region containing
several genes involved in metal tolerance in the common soil bacterium,
Pseudomonas fluorescens ATCC 13525.

The DNA region was identified in a

cadmium and zinc sensitive mutant, 45-BlO, which contains a /acZ-based reporter
gene transposon Tn5-B20 inserted in the chromosome. The DNA surrounding the
transposon was cloned from this mutant strain and DNA sequencing of this region
revealed seven genes that share similarity with genes whose products are involved in
the cation-proton antiporter efflux system of other Gram-negative bacteria. Complete
DNA sequence was obtained from four of these genes, czyO, czyR, czyS and czyA.
Defined mutations in each of these genes were generated in the chromosome of P.
fluorescens via gene replacements. The gene replacement mutants were found to be
more sensitive to cadmium or zinc compared to wild type. The comparison of DNA
similarity and the phenotypic analysis of the mutants suggest that these genes play a
role in metal homeostasis in P. fluorescens.
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INTRODUCTION
Metal ions are required as trace elements for metabolic processes in biological
systems in addition to non metallic elements such as C, H, 0, P, N and S (Nies and
Silver, 1995). Trace metal ions including zinc, copper, iron, nickel, cobalt and
manganese are essential for the synthesis of metalloproteins that play structural and
catalytic roles in the metabolism of cells (Mills, 1998). For example, zinc plays a
structural role in DNA binding regulatory proteins. Other trace metals serve as redox
centers in the electron transport chain, such as copper containing proteins including
azurin and cytochromes (Kendrick et al., 1992). However, at higher concentrations,
even essential metals can be toxic for cells. For example, the binding of copper to
histidine and cysteine residues can cause a modification of functional groups, and
thereby affecting their biological function (Brown et al., 1992). Therefore, it is
important to regulate the intracellular concentration of metal ions to protect the cells
while simultaneously maintaining a sufficient internal concentration for normal cell
function. In contrast to the essential metal ions, mercury, cadmium and arsenic are
examples of metal ions that have no beneficial biological functions and are solely
toxic to cells. For example, mercury and cadmium bind to sulfide groups, whereas
arsenate and chromate interfere with the phosphate or sulfate metabolism (Nies and
Brown, 1998).
Many microorganisms thrive in a wide range of environments in which heavy
metals are at a high concentration due to geochemical processes, industrial pollution
1
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or mining operations. The microbial cells generally take up metal ions via
nonspecific uptake systems that are synthesized constitutively (Nies and Silver, 1995).
It is thought that the genetic costs of having more specific uptake systems are higher
than expending the energy for pumping the unnecessary ions out of the cells (Ji and
Silver, 1995). Thus, many bacteria have evolved metal re_sistance determinants that
allow them to efflux metal ions that are simply toxic to the cells, and efficient
regulatory systems that evade excessive trace metals while maintaining essential
supplies for biological functions (Nies and Brown, 1998). There have been many
studies on the genetic basis and mechanisms of metal resistance in bacteria isolated
from environments with elevated concentrations of heavy metals. Most of these
resistance determinants are found to be located on plasmids and transposons (Silver
and Misra, 1988). For example, the mercury resistance mer determinant are encoded
by transposons Tn21 and Tn501, and the chromate, nickel, cadmium, zinc and cobalt
resistance determinant harbored by a large plasmid of Alcaligenes eutrophus CH34
(Nies et al., 1987). In addition, recent studies have reported the identification of
metal resistance genes in the chromosomes of some bacteria (Silver and Phung, 1996;
Hassan et al., 1999).
General Mechanisms of Metal Resistance
There are a few general mechanisms that metal resistant bacteria utilize to
protect themselves from toxic effects of metal ions. Detoxification of heavy metal
ions can be mediated by enzymatic reduction, periplasmic sequestration or efficient
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efflux systems. Enzymatic detoxification is a mechanism of resistance that converts
toxic metal ions to a less toxic form (Silver et al., 1989; Silver and Phung, 1996). In
the mercury resistance system, Hg z+ ions are reduced to elemental mercury, Hg0,
which is volatile and less toxic than Hg2+ (Silver and Walderhaug, 1992). Other
resistance mechanisms involve the accumulation of meta_l ions in the periplasmic
space of Gram-negative bacteria. The cop system of Pseudomonas syringae is an
example of this resistance mechanism. Colonies of P. syringae growing on copper
containing media exhibit a blue color, reflecting the sequestration of copper in the
periplasm by the periplasmic copper binding Cop proteins (Cooksey, 1993; Vulpe and
Packman, 1995). The same type of metal resistance mechanism was found in Vibrio
alginolyticus which synthesizes extracellular copper binding proteins to complex
copper in the growth medium (Gordon et al., 1994). Energy dependent efflux systems
are another common mechanism of metal resistance in bacteria. Toxic ions are
removed from the cells by being pumped out via a membrane transport system. The
most familiar membrane transport systems involved in metal efflux are P-type
ATPases and chemiosmotic cation-proton antiporters (Silver and Phung, 1996).
The cadmium resistance system in S. aureus is an example of a Cd2+ efflux P
type ATPases now known to occur widely in Gram-positive bacteria (Ji and Silver,
1995). The cadmium resistance of the cad system is catalyzed by CadA, which
extrudes intracellular Cd2+ by using ATP as energy source (Tsai et al., 1992). Other
CadA like P-type ATPases have been found in Bacillus, Listeria, Enterococcus and
cynobacteria (Silver and Phung, 1996) and recently in the Gram-negative bacteria,
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Escherichia coli and Proteus mirabilis (Rensing et al., 1997). All P-type ATPases
serve the function of cation translocation across the membrane, either into the cells
such as during K+ and Mg2 + uptake, or to the outside of cells such as during Cd2+ and
Ca2+ efflux (Ji and Silver, 1995). The CadA protein is a transmembrane protein that
contains a highly conserved aspartate residue which is phosphorylated by ATP during
the ATP hydrolysis cycle, and dephosphorylated during the transport cycle in the
presence of Cd2+ and Zn2+ (Nies and Silver, 1995; Ji and Silver, 1995).
Unlike the ATP-driven cation efflux described above, the cadmium, zinc and
cobalt resistance in Alcaligenes eutrophus is mediated by the Czc cation efflux system
that functions as a chemiosmotic divalent cation-proton antiporter (Nies and Brown,
1998). The Czc system will be discussed in more detail below.
Regulation of Metal Resistance by Two-Component Systems
In order to survive and multiply, bacteria are able to alter their gene expression
in response to changes in their environment via signal transduction proteins of the
two-component regulatory system. The two-component system is a signal
transduction pathway that regulates transcription via the phosphorylation of two
interacting proteins, a "histidine kinase" sensor and a "response regulator" protein
(Stock et al., 1995; Nies and Brown, 1998). The sensor protein, usually located on
the cytoplasmic membrane, receives an environmental stimulus that leads to the
autophosphorylation of a conserved histidine residue. The phosphate from the sensor
protein is then transferred to a conserved aspartate residue of the regulatory protein.
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The response regulators are activated by phosphorylation and are able to control a
variety of cellular activities. In many cases, the regulator is a DNA binding protein
that activates the transcription of an operon. Some response regulators interact with
components of the transcription machinery or with other cellular proteins (Hakenbeck
and Stock, 1996). The two-component systems have been found in bacteria and
eukaryotes like fungi and plants (Chang and Stewart, 1998). The EnvZ/OmpR system
from E. coli is one of the best characterized prokaryotic two-component systems. The
EnvZ/OmpR system regulates the expression of outer membrane porins to alter the
permeability of the outer membrane in response to changes in the osmolarity of the
medium (Stock et al., 1990). EnvZ is the sensory receptor histidine kinase that had
been shown to facilitate phosphorylation and dephosphorylation of the corresponding
response regulatory protein OmpR. Phosphorylation enhances the binding of OmpR
to the promoter region of the porin genes and initiates transcription of the operon
(Stock et al., 1990).
Some bacteria use two-component systems as a signaling pathway to regulate
the homeostasis of heavy metals that are both toxic and essential (Nies and Brown,
1998). Mechanisms conferring resistance to essential cations like copper and zinc
must be carefully regulated so that the metal ions are not depleted for normal cellular
functions. The cop system from Pseudomonas syringae and the pco system from E.
coli are specific examples of metal resistance genes regulated by two-component
systems (Mills et al., 1994; Nies and Brown, 1998). The gene products of copRS and
pcoRS are the response regulator and sensor kinase (Nies and Brown, 1998; Silver
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and Phung, 1996). The cop proteins protect the cells from toxic copper by
sequestering excess copper in the periplasmic space (Cha and Cooksey, 1991; Silver
and Phung, 1996). Although the pco system contains similar genes as the cop system,
the resistant mechanism of the two systems are different. The pco system results in a
lowered rather than increased copper content in the peripJasmic space (Ji and Silver,
1995). In addition, regulatory proteins of the two-component systems also play a role
in the regulation of the czc system in A. eutrophus (van der Lelie et al., 1997; Grof3e
et al., 1999).
The Cadmium, Zinc and Cobalt Resistance Determinant in Alcaligenes eutrophus
A. eutrophus (CH34) is a Gram-negative chemoautotrophic bacterium isolated
from a zinc decantation tank in Belgium (Mergeay et al., 1985). This bacterium can
tolerate high levels of metal ions such as cadmium, zinc, cobalt, nickel, chromate and
mercury (Nies and Silver, 1989; Silver and Phung, 1996). Although the species A.
eutrophus was recently reclassified as Ralstonia eutropha, strain CH34 still remained
classified as A. eutrophus (Nies and Brown, 1998). CH34 and other CH34-like
strains are different from R. eutropha strains in respect to their plasmid contents. The
genes required for growing autotrophically on molecular hydrogen, oxygen and
carbon dioxide are located on the megaplasmids of R. eutropha, whereas in CH34,
these genes are located on the chromosome (Nies and Brown, 1998). The metal
resistance determinants in CH34 are located on two megaplasmids, pMOL28 (163 kb)
and pMOL30 (238 kb) (Mergeay et al., 1985; Dressler et al., 1991). There are two
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transposon-linked mer determinants (one on each plasmid) that confer low levels of
resistance to mercury (Dressler et al., 1991). Chromate resistance is encoded by the
chr determinant on pMOL28. Adjacent to the chr locus is the cnr determinant
conferring resistance to cobalt and nickel (Nies and Silver, 1989; Dressler et al.,
1991). The czc determinant on pMOL30 encodes the inducible and energy dependent
cation efflux system that confers resistance to cadmium, zinc and cobalt (Dressler et
al., 1991). The chr, cnr and czc determinants are well studied and their DNA
sequence has been completely determined. In fact, the czc system is the best studied
metal cation efflux system in Gram-negative bacteria (Nies and Silver, 1995).
The czc determinant contains three structural genes, czcA, czcB and czcC
(Figure 1). The products of czcCBA form a membrane bound protein complex that
functions as a cation-proton antiporter (Nies, 1995). This has been demonstrated by
Nies (1995) through studies of proton transport activity using fluorescence quenching
assays and cation uptake studies using radioactive cations in everted membrane
vesicles. The exchange of protons and cations is driven by a proton gradient across
the cytoplasmic membrane. Cadmium, zinc and cobalt ions are transported into the
cells via a magnesium transport system (Nies and Silver, 1989). To compensate for
the non-specific uptake by the fast magnesium-uptake system, A. eutrophus is able to
transport all three different cations with a common system without causing starvation
of the two essential trace metals, Zn2+ and Co2+ (Nies and Silver, 1995). Therefore,
the substrate affinity is an important factor in maintaining homeostasis of the three
metal ions. The kinetic properties of the CzcCBA assure the efflux of Cd2+ with high
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Figure 1. Model for the Czc Cation-Proton Antiporter System (Nies and Brown,
1998). The map of czc genes is shown below and the locations of the gene
products are shown above.
+

affinity and Co2 with low affinity following the Michaelis-Menten kinetics (Nies,
+

1995). In contrast, Zn2 is transported rapidly at high concentration and slowly at low
concentration (Nies, 1995).
The three gene products of czcCBA act in concert to transport metal ions. The
CzcA protein is a large protein with 1063 amino acids (Nies et al., 1989). Based on
the hydropathy analysis of the predicted sequence, there are several transmembrane
domains in CzyA (Nies, 1992; Nies and Silver, 1995). One of the transmembrane a
helices contains two negatively charged aspartates that may form a charge relay system
for proton transport. The second transmembrane domain does not contain any
charged amino acid residues and it is speculated that it would represent the divalent
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cation channel. CzcA is the principal proton-cation antiporter subunit of the
transport system because CzcA alone is able to mediate some levels of resistance to
Cd2+, Zn2+ and Co2+ . Nevertheless, all three proteins, CzcA, CzcB and CzcC are
required for full resistance (Nies et al., 1989; Rensing et al., 1997).
The CzcA protein is homologous to proteins that belong to the RND family
(Nies and Silver, 1995). The RND (Resistance/Nodulation/Cell division) proteins,
characterized by Saier et al. (1994) have been shown to function in the nodulation of
alfalfa by Rhizabium meliloti (NolG, NolH and Noll) and cell division in E. coli
(EnvD). Members of the RND family are integral membrane proteins that function
together with members of another recently described protein family, membrane fusion
proteins (MFP). It is speculated that MFPs cause a localized fusion of the inner and
outer membranes of the Gram-negative bacterial envelope so substrates can be
transported directly across the two membranes (Saier et al., 1994; Nies and Silver,
1995). The best characterized protein of this type is the HlyD protein that functions
in the transport of a.-hemolysin in E. coli (Saier et al., 1994).
The czcB gene encodes a putative MFP, which is a protein consisting of 521
amino acids (Nies et al., 1989). Most of CzcB are hydrophilic amino acids, and a
fusion of czcB to the phoA gene displayed high alkaline phosphatase activity (Rensing
et al., 1997). In general, the reporter enzyme alkaline phosphatase (PhoA) is only
active in the periplasm. However, when subjected to cell fractionation, CzcB was
found mainly in the outer membrane fraction. Therefore, it is suggested that CzcB is
located in the periplasm and is attached to the outer membrane (Rensing et al., 1997).
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The two histidine-rich motifs on the CzcB protein are putative binding sites for zinc
because deletion of the coding region for the histidine-rich motifs resulted in a
decrease in zinc resistance and a slight decrease of resistance to cadmium and cobalt
(Rensing et al., 1997). When CzcB is added to CzcA alone, resistance to zinc
increased significantly compared to the other metals, therefore, CzcB may be the
metal binding protein in the CzcCBA complex and is needed for the complete
resistance to zinc (Nies et al. 1989, Rensing et al., 1997).
The third subunit, CzcC, like CzcB, is probably located on the periplasmic
face of the outer membrane (Rensing et al., 1997). CzcC is rather hydrophillic and it
contains a leader peptide sequence (Rensing et al., 1997). CzcC can only function in
the presence of CzcB and is responsible for the resistance to cadmium and cobalt
ions, but not to zinc ions (Rensing et al., 1997; Nies et al., 1989). CzcA and CzcC
proteins are both low in histidine or cysteine content, whereas CzcB is the only
protein in the complex containing histidine-rich motifs that represents putative metal
binding sites (Nies, 1992).
Based on the localization of the individual subunits of the CzcCBA complex,
Rensing et al. (1997) proposed a model for its function: CzcA is a cytoplasmic
membrane bound proton-cation antiporter. CzcB may be a cation-binding subunit
that spans the periplasm and funnels the cations, primarily Zn2+ , away from the CzcA
antiporter. The function of CzcC is dependent on CzcB. It is predicted that CzcC
modifies the specificity of the Czc complex towards cadmium and cobalt cations. It
is speculated that CzcC in A eutrophus is associated with a hypothetical outer
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membrane protein (OmpY) that releases the cations from the periplasm across the
outer membrane.
Since the Czc complex is responsible for the efflux of toxic and essential
metals, the regulation of gene expression has to be tightly controlled to prevent
depletion of essential trace metals. There are two regulatory regions of the czc
system, one is located upstream and one downstream of the structural genes. They are
induced by the three substrates of the czc system, cadmium, zinc and cobalt (Nies and
Brown, 1998). The organization of the czc determinants is shown in Figure 1.
Transcription of the czc determinant is proposed to start at four promoters, czcNp,
czclp, czcCp and czcDp

(Gro�e et al., 1999; Nies et al., 1999). The upstream

regulatory region contains two genes, czcN and czcl. An open reading frame (ORF),
orf69a,

which encodes a possible product of 69 amino acids, is loacted between the

two genes (Nies and Brown, 1998; Gro�e et al., 1999). CzcN is a potential
membrane bound protein, with four to five transmembrane a-helices. Czcl contains
many potential metal binding sites indicating that it may be a possible metal binding
regulatory protein (van der Lelie et al., 1997). The N-terminus of czcl gene product
has a leader-peptidase signal sequence and it may be located in the periplasm (Nies
and Brown, 1998). orf69a encodes a putative protein similar to a small "glue protein"
required for the stability of multicomponent membrane-bound protein complexes
(Nies and Brown, 1998).
The downstream regulatory region contains three genes, czcD, czcR and czcS
(Nies and Brown, 1998; Gro�e et al., 1999). According to the extensive studies by
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Anton et al. (1999) on the function of CzcD, deletion of the czcD gene resulted in an
increased expression of czcCBA genes in uninduced and induced cells. This suggests
that CzcD represses the induction of czc structural genes. However, CzcD is not
essential for the czc expression. In addition to its regulatory function, CzcD also
confers a low level of resistance to Zn2+, Cd2+ and Co2+ by reducing the accumulation
of ions. Therefore, it seems that CzcD represses the Czc system by exporting the
inducing cations (Anton et al., 1999).
CzcD is a member of the CDF (Cation Diffusion Facilator) protein family
(van der Lelie, 1997) that consists of four putative proteins, CzcD of A.eutrophus,
ORF2 of Bacillus stearothermophilus, ZRCl and COTl of Saccharomyces cerevisiae
(Nies and Brown, 1998). CzcD is an integral cytoplasmic membrane protein and has
at least four transmembrane a-helices (Anton et al., 1999), which are highly
conserved in the proteins of the CDF family (Nies and Silver, 1995). The ZRCl
protein is involved in zinc and cadmium resistance in yeast, whereas COTl is
involved in cobalt resistance. Based on the strong homologies among the CDF
proteins, it was hypothesized that CDF proteins function as membrane-bound sensors
involved in zinc, cobalt and cadmium sensing (Nies and Silver, 1995). In the
publication of Anton et al. (1999), ZRCl and COTl were able to mediate a low level
of resistance to, cadmium, zinc and cobalt in A eutrophus CH34. Thus, the function
of CzcD in the Czc regulatory system is probably to aid the efflux of metal ions when
the metal concentration in the cytoplasm increases, and to regulate the expression of
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the Czc efflux pump when the metal concentration reaches the level where additional
energy dependent efflux is required (Anton et al., 1999).
The czcR and czcS genes encode the respective putative histidine kinase sensor
protein and the response regulatory protein from the two component regulatory
system that share sequence similarity with the copper resi_stance regulatory proteins,
CopR and CopS in P. syringae (van der Lelie et al., 1997). Based on the work of
GroBe et al., (1999), deletion of czcR or czcS did not abolish the induction of the czc
system but the levels of czcCBA expression were lowered. According to footprinting
experiments, CzcR acts on the promoter site of CzcN. Thus, czcR and czcS are
involved, but not essential for the activation of czcCBA.
The Cadmium and Zinc Resistance Determinant in Pseudomonas aeruginosa
Recently, a P. aeruginosa strain (CMG103) isolated by Hassan et al. (1999)
from a metal polluted river in Pakistan was found to display high resistance to zinc
and cadmium. The chromosomal genes responsible for zinc and cadmium resistance
identified in this strain, czrSRCBA, showed significant DNA similarity to the plasmid
borne metal resistance determinant czc of A. eutrophus CH34 (Hassan et al., 1999;
see Figure 2).
CzrA is significantly homologous to the CzcA cation-proton antiporter. CzrB,
like CzcB, is similar to the other members of the MFPs protein family that facilitate
the efflux of cations, drugs or metabolites from cells (Hassan et al., 1999; Saier et al.,
1994). The third protein of the czrCBA gene cluster is CzrC, which shares high
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Figure 2. Comparison of the Genetic Organization of the czc System in A. eutrophus
CH34 and the czr System in P. aernginosa CMG10 3 (Nies and Brown,
1998; Hassan et al., 1999).
similarity with CzcC. There is a putative signal peptide identified at the N terminus of
CzrC comparabe to CzcC (Hassan et al., 1999). Divergent to the structural czrCBA
genes, two ORFs were identified that shared similarities with proteins from the two
component regulatory systems, with highest similarity to CopS (51%) and CopR (66.8
%) from P. syringae, PcoS (44.5 %) and PcoR (64.7 %) from£. coli and CzcS (42.6
%) and CzcR (69.5 %) from A. eutrophus. The predicted proteins of several other
ORFs (01/6 and or.fl) located downstream to the czr genes are similar to proteins
involved in catabolism of aromatic compound in P. aeruginosa. Another ORF is
located upstream of the czr genes, or.f8, whose predicted protein shows similarity to
the outer membrane protein, OprM of the mexAB-oprM multidrug efflux system in P.
aeruginosa PAO I (Hassan et al., 1999). The organization of czr and czc gene clusters
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clusters is different in respect to the regulatory genes. In P. aeruginosa, czrRS ae
located upstream and divergent of the metal resistance operon, whereas in A
eutrophus, czcRS are located downstream of czcCBA and are transcribed in the same

direction as czcCBA (Fig. 2). Other regulatory genes of the czc system such as czrN,
czcl and czcD were not found in the czr gene cluster.

Use of Reporter Gene Fusions to Monitor Bacterial Gene Expression
The monitoring of gene expression responding to environmental stress can be
achieved by the use of reporter gene fusions. Commonly used reporter genes for
generating gene fusions include the lacZ, uidA and luxAB genes (Silhavy and
Beckwith, 1985; Jefferson et al., 1986; Stewart and Williams, 1992). Quantitative
assays for detecting these reporter gene products are convenient and readily available.
The lacZ and uidA genes encode the �-galactosidase and the �-glucuronidase
respectively. Both can be detected by using chromogenic substrates. The luxAB
genes encode luciferase, which emits light when substrates are added externally, or
produced in vivo. Transposons carrying promoterless reporter genes have been
created and used as an efficient method for creating random gene fusions at different
locations in a bacterial chromosome or a plasmid. The fusion of a reporter gene
downstream of the regulatory region of a gene of interest will allow the monitoring of
the regulation of this gene by measuring the activity of the reporter gene (de Bruijn
and Rossbach, 1994; Du Bow, 1998). Thus, by using a reporter gene system, gene

16
expression in response to various environmental stresses can be conveniently
monitored.
In order to identify responses of chromosomal genes to metal exposure, Guzzo
and DuBow (1994) have developed a reporter gene based transposon by inserting the
luxAB genes into the transposon Tn5. A library of E. coli_ clones, each containing a
luxAB transcriptional gene fusion located at different sites in the chromosome was

screened for gene expression upon exposure to toxic metals. The changes in gene
expression were measured by the change in luminescence. Using this system, clones
that responded to various toxic metals have been isolated and some of these clones
represent previously uncharacterized genes. Although sequencing of the bacterial
genome has aided in the identification of many genes, the functions of approximately
40 % of these genes are still unknown. Thus, through the use of reporter gene
transposons, many of the new genetic and physiological functions will be uncovered
(DuBow, 1998).
Application of Bacterial Sensing Systems for the Detection of Heavy Metals
The understanding of bacterial metal resistance mechanisms and gene
regulation can be beneficial for the purpose of bioremediation and development of
biotechnology for detecting heavy metal contamination in the environment. A study
reported by Scott et al. (1997) on the use of bacterial sensing systems to detect
antimonite and arsenite have proved the importance of knowledge in mechanisms and
regulations of metal resistance in bacteria. The development of this highly sensitive
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and selective sensing system employs the ars operon that confers a high tolerance to
antimonite and arsenite. Briefly, the ars operon is regulated by two regulatory
proteins, ArsR and ArsD. In the absence of antimonite and arsenite, ArsR binds to
the promoter region of the ars operon and is released to allow the expression of the
ars operon in the presence of its inducer, antimonite or arsenite (Scott et al., 1997).
The construction of this sensing system was accomplished by fusing the reporter
genes, luxAB, to the regulatory gene arsR. The plasmid was then transformed into E.
coli. Upon exposure to antimonite and arsenite, ArsR regulated the production of
luciferase and the bioluminescence emission corresponded to the concentrations of
antimonite and arsenite (Scott et al., 1997). The biosensing system for antimonite and
arsenic has been developed in the same manner with a lacZ-based reporter gene
fusion (Ramanathan et al., 1997). Similar biosensors have also been developed for
the detection of mercury and naphthalene (Scott et al., 1997).
Relevance of This Study
In order to identify metal responsive gene expression in soil bacteria, the lacZ
based reporter gene transposon, Tn5-B20 was used to mutagenize the soil bacterium
Pseudomonas fluorescens strain ATCC 13525 (Rossbach et al., 2000). P. fluorescens
was chosen in this study because pseudomonads are soil bacteria frequently
associated with the ability to degrade environmental pollutants. The identification of
metal regulated genes will lead to the elucidation of the function of these genes and
eventually to the understanding of mechanisms that soil bacteria use to cope with

18
heavy metals in their environment. Tn5-B20 carries a promoterless reporter gene
lacZ, encoding the enzyme �-galactosidase, which can be easily detected by using a

chromogenic substrate. Tn5-B20 also contains the neomycin phosphotransferase
gene, nptll that confers resistance to kanamycin for selection and facilitating the
subcloning following the identification of a particular gene fusion. During
preliminary work (Rossbach et al., 2000), a collection of 5000 P. fluorescens mutants
containing Tn5-B20 inserted randomly at different loci in the chromosome was
generated. Screening of differential gene expression in the absence and presence of
cadmium led to the identification of several mutant strains that showed either an
increased or decreased level of �-galactosidase activity. We hypothesized that some
of these cadmium responsive genes would play a role in conferring metal tolerance.
However, only one mutant strain was found to be sensitive to elevated concentrations
of both cadmium and zinc. This particular mutant was chosen for further detailed
study in this thesis.
The goal of this work was to characterize a genetic region that confers
tolerance to an essential metal (zinc) and a toxic metal (cadmium) in P.fluorescens.
The molecular analyses of this region including the cloning, the DNA sequence
determination and generation of mutations in several metal tolerance genes are
described here.

MATERIALS AND METHODS
Bacterial Strains and Plasmids
The characteristics and sources of the bacterial strains, plasmids and
recombinant plasmids used in this study are listed in Table 1.
Media
Media for E. coli
Luria-Bertani (LB) medium (Miller, 1992) was used to culture E. coli. LB is a
complex medium containing tryptone (10 g/1), yeast extract (5 g/1) and sodium
chloride (5 g/1). For solid media, 15 g/1 agar was added.
Media for Pseudomonas
Complex Media
P. fluorescens cultures were grown on tryptone-yeast (TY) medium (Beringer,
1974) which contained tryptone (5 g/1), yeast extract (10 g/1) and CaC}z (0.5 g/1). For
solid media, 15 g/1 agar was added.
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Table 1
Bacterial Strains and Plasmids Used in This Study
Strain or plasmid
Bacterial strains
Escherichia coli
DH5-a
Pseudomonas fluorescens
ATCC 13525
45-BlO
Mll2
Mll4
Mll7
M21
Pseudomonas putida
ATCC 12633
Pseudomonas aeruginosa
PAO!
Pseudomonas aureofaciens
Pseudomonas syringae
Plasmids
pBluescript KS(+)
pCR2.l
pUC4K
pLAFR3
pTE3
pWB5
pME3087
pME3088
pRK2013
pSR4510
pSF4503
pSF4505
pSF4506

Source or Reference

Relevant Characteristics

supE44 lacU169 (l/)80lacZM115) hsdRJ7
recAJ endAJ gyrA96 thi-1 re/Al

Sambrook et al. (1989)

Wild type
R
Km , czyS::Tn5-B20 mutant of ATCC 13525
Km\ czyA mutant of ATCC 13525
Km\ czyR mutant of ATCC 13525
Km\ czyO mutant of ATCC 13525
Km\ czyS::Tn5-B20 mutant of ATCC 13525

ATCC
Rossbach et al. (2000)
This study
This study
This study
This study

Wild type

ATCC

Wild type

Pseudomonas Genetic
Stock Center

Wild type

Pierson and Gaffney
(1995)
Center for Microbial
Ecology (MSU)

Wild type
Cloning and sequencing vector; Ap\ lacZa.
Cloning and sequencing vector; Ap\ Km\
lacZa.
R
Plasmid containing Km cassette
♦
Cosmid cloning vector, Mob Tra·, IncP;
R
Tc
♦
Cosmid cloning vector, Mob Tra·, IncP;
R
Tc
♦
Cosmid cloning vector, Mob Tra·, lncP;
R
Tc
R
Suicide vector; Tc
R
Suicide vector; Tc
♦
R
Mobilization helper, Mob Tra'; Km
pBluescript KS+ carrying a 16.4 kb Kpnl
fragment of mutant 45-BlO; Ap\ KmR
pBluescript KS+ carrying a 2.7 kb Bglll
fragment of pSR4510; ApR
pBluescript KS+ carrying a 1.0 kb Hindlll
R
fragment of pSR4510; Ap
pBluescript KS+ carrying a 1.8 kb EcoRI
R
fragment of pSR4510; Ap
,

,

•

,

Stratagene
lnvitrogen
Calgene
Staskawicz et al. (1987)
Egelhoff and Long,
(1985)
W. Buikema and F. M.
Ausubel, unpublished
Voisard et al. (1994)
Voisard et al. (1994)
Ditta et al. (1980)
This study
This study
This study
This study
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Table 1-Continued
Strain or plasmid
pSF4507
pSF4508
pSF4509
pSF4510
pSF4514
pSF4516
pSF4517
pSF4518
pSF4520
pSF4521
pSF4522
pSF4524
pSF4526
pSF4527
pSF108
pSFlOl
pSFlll
pSF112
pSF113
pSF114
pSF115
pSF116
pSF117

Relevant Characteristics
pBluescript KS+ carrying a 2.1 kb
R
Kpnl-HindlIII fragment of pSR4510; Ap
pBluescript KS+ carrying a 4.4 kb BamHI
R
fragment of pSR4510; Ap
pBluescript KS+ carrying a 2.8 kb EcoRI
R
fragment of pSR4508; Ap
pBluescript KS+ carrying a 1.4 kb EcoRI
R
fragment of pSR4508; Ap
pCR2.l carrying a 4.7 kb PCR product of
R
13525; Ap\ Km
pBluescript KS+ carrying a 1.2 kb
R
EcoRI-Sa/1 fragment of pSR4508; Ap
pBluescript KS+ carrying a 2.0 kb EcoRV
R
fragment of pSR4508; Ap
pBluescript KS+ carrying a 2.0 kb EcoRV
R
fragment of pSR4508; Ap
pBluescript KS+ carrying a 1.5 kb Pstl-Sa/1
fragment of pSR4514; ApR
pME3087 carrying a 16.4 kb Kpnl fragment
of pSR4510; Tc\ KmR
pBluescript KS+ carrying a 2.0 kb Sall
R
fragment of pSR4508; Ap
pBluescript KS+ carrying a 0.7 kb
R
EcoRI-Kpnl fragment of pSR4507; Ap
pBluescript KS+ carrying a 3.0 kb
EcoRV-Sall fragment
pBluescript KS+ carrying a 2.5 kb Kpnl
R
fragment of pSR4526; Ap
pTE3 carrying a 3.6 kb EcoRI fragment of
pSF4514; TcR
pCR2.l carrying a 2.0 kb EcoRV-Kpnl
R
fragment containing czyA; Ap\ Km
R
pSFlOl derivative with 1.2 kb Km
R
cassette at EcoRI site; Ap\ Km
pME3087 carrying a 3.2 kb Kpnl-Xbal
R
fragment of pSFl11; Tc\ Km
pME3088 carrying a 2.0 Kpnl-Sall
R
fragment containing czyR; Tc
pSF113 derivative carrying czyR with a
R
1.2 kb Km' cassette at Pstl site; Tc\ Km
pBlueskript KS+ carrying a 2.7 kb
R
fragment containing czyO; Ap
R
pSFl15 derivative with 1.2 kb Km
R
cassette at EcoRI site; Ap\ Km
pME3087carrying a 3.9 kb Kpnl-Xbal
R
fragment of pSFl16; Tc\ Km

Source or Reference
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Defined Media
Minimal medium used to culture P. fluorescens was Basal Salt Medium
(BSM) for Pseudomonas (Quay et al., 1972) and Davis Minimal Medium (Kragelund
and Nybroe, 1994). Basal Salt Medium contained 0.05 M potassium phosphate
buffer, pH 7.0; 0.015 M (NI-Li) 2SO4, 1.0 mM MgC} i, 2 µM FeSO4 and 0.2 %
succinate. Davis Minimal Medium contained MgSO4 (0.lg/1), K2HPO4 (7 g/1),
KH2PO4 (4 g/1), (NI-Li) 2SO4 (1 g/1), sodium citrate (0.5 g/1) and glucose (4 g/1). For
solid media, 15 g/1 of Bacto agar (Difeo, Detroit, MI) was added.
Growth Conditions
E. coli cultures were grown at 37°C and P. fluorescens was grown at 28°C.
For broth cultures, E. coli cultures were grown in 5 ml liquid media and P.
fluorescens was cultured in 10 ml liquid media. All liquid cultures were incubated in
a gyratory shaker at 200 rpm (New Brunswick Scientific, Edison, NJ)
Antibiotic Concentrations
Antibiotics were added to growth media at the following final concentrations:
ampicillin, 100 µg/ml for E. coli; kanamycin, 20 µg/ml for E. coli and 100 µg/ml for
P. fluorescens (400 µg/ml in Davis Minimal Medium); tetracycline, 10 µg/ml for E.
coli and 25 µg/ml for P. fluorescens.

Determination of Minimal Inhibitory Concentrations (MIC)
The Minimal Inhibitory Concentration (MIC) of various metal ions was
determined by the following protocols.
According to the method described by Mergeay (1995), 1 ml of overnight P.
fluorescens culture was pelleted by centrifugation at 13,000 rpm for 5 minutes. The
pellet was washed with 10 mM MgSO4 and resuspended in 1 ml of sterile water.
Appropriate dilutions (30-300 colonies per plate) were made and plated in duplicate
on TY agar with metal concentrations increasing by the factor of two. The smallest
concentration that inhibited growth was expressed as MIC (Mergeay, 1995).
Bacterial sensitivity to metals can also be tested using the disk-diffusion
method. Disks were prepared from 3 MM filter papers in diameters of 7 mm. Filter
paper disks were soaked in 10 µl of 0.1 M CdCl2 , 1 M C0Cl2 , 1 M ZnSO4, 1 M
CuSO4 , 1 M NiCl2 , 0.1 M AgNO3 and 10 µM HgCl2 • Liquid cultures were inoculated
onto TY agar with cotton swabs and the filter disks were placed on the surface of the
agar. The diameter of the inhibition zone (clear area) around the filter disk was
measured in mm.
�-Galactosidase Assays
Overnight cultures of P. fluorescens were diluted 1 :50 in 10 ml of TY. The
optical density (OD) was monitored with a Beckman DU 7500 spectrophotometer
(Fullerton, CA). The sub-cultures were grown to an optical density (OD) at 600 nm
of 0.3. The cultures were treated with final concentrations of 0.5 mM CdC14 or 1.0
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mM ZnSO4 • The metal treated cultures along with control cultures were incubated for
another 2-3 hours until the control cultures reached an OD(,()() of 0.7. The�
galactosidase assays were performed according to the protocol by Miller (1992). The
enzyme activity was expressed in Miller Units (

i�v\oto: where T = reaction time

in min and V = volume of culture assayed). Cells were lysed and assayed using o
°

nitrophenyl-(3-D-galactopyranoside (ONPG) as a substrate at 28 C. All samples were
assayed in triplicate and the values were averaged.
Growth Experiments
Overnight cultures of P. fluorescens were diluted 1: 100 in TY medium.
Cultures were grown at 28°C with shaking. The OD was monitored with a Beckman
DU 7500 spectrophotometer at 595 nm. Cultures were treated with or without the
addition of either 0.4 mM CdCl2 or 1.5 mM ZnSO4 at final concentrations. Incubation
was continued and the OD was measured every 2-4 hours for approximately 50 hours.
Cultures were grown in duplicate and the OD values were averaged.
Preparation and Analysis of DNA
Preparation of Plasmid DNA
Small-Scale Plasmid Preparation
The preparation of small scale plasmid DNA was performed by the alkaline
lysis method according to Bimboim and Doly (1979) modified by Sambrook et al.
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(1989). For isolating high copy number plasmids, 1.5 ml of overnight culture were
used and the DNA was dissolved in 100 µl of TE (10 mM Tris-HCI and 1 mM
EDTA; pH7.4). For isolating low copy number plasmids, 3 ml of overnight culture
were used and DNA was dissolved in 50 µl H20.
Mid-Scale Plasmid Preparation
Qiagen Midiprep Kit (Qiagen GmbH, Hilden, Germany) was used for the
isolation of low copy number plasmids in a larger scale. The DNA was resuspended
in 500 µl H20.
Preparation of Plasmids for Sequencing
Wizard Plus Miniprep DNA Purification System (Promega, Madison, WI)
was used to obtain ultra pure DNA for sequencing. The DNA was resuspended in 50
µl H20.
Preparation of Bacterial Chromosomal DNA
The protocol used for isolating total DNA was a modification of the method
described by Ausubel et al. (1995). 1.5 ml of an overnight bacterial culture were
pelleted by centrifugation at 10,000 rpm at room temperature for 3 min. The pellet
was washed in 1 ml of 0.1% TE buffer (pH 8.0), pelleted by centrifugation and
resuspended in 350 µl of 0.1% TE buffer by vortexing. Fifty microliter of 10%
sodium dodecylsulfate (SDS) and 100 µl pronase (2.5 mg/ml; Boehringer Mannheim,
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Indianapolis, IN) were added to the resuspended cells and gently mixed by tapping
°

the tube. The mixture was incubated at 37 C for 1-2 h. This was followed by the
addition of 100 µl of 5.0 M NaCl and 80 µl of CTAB/NaCl solution (10%
°

Cetyltrimethylammonium bromide in 0.7 M NaCl) and further incubation at 65 C for
15 min. An equal volume of chloroform/isoamyl alcohol (24:1) was added, mixed by
gently shaking and centrifuged at room temperature for 5 min. The upper phase was
collected and was extracted with buffered phenol/chloroform/isoamyl alcohol
(25:24:1) as described above, followed by another extraction with chloroform/isoamyl
alcohol. The upper phase was again removed and the DNA was precipitated with 2
volumes of cold 100% EtOH. The DNA was spooled with a closed-end capillary tube
and resuspended in 100 µl 11z0.
Isolation of DNA From Agarose Gels
. The desired band was excised from a 0.7 % agarose gel, cut into very fine
pieces with a scalpel and transferred into a microcentrifuge tube. 0.3 ml of cold
buffered phenol was added to the tube that contained no more than 0.5 ml of agarose
gel, mixed thoroughly by vortexing. The mixture was then placed at -80° C for 10
min, and centrifuged at 12,000 rpm for 10 min. The upper phase was collected, 0.3
ml of 1 x TE was added to the remaining agarose-phenol phase followed by freezing
at -80° C for 10 min and centrifuging at 12,000 rpm for 10 min. The upper phase was
combined with the aqueous layer from the previous step. Equal amount of
chloroform/isoamyl alcohol (24:1) was added, the tube was vortexed and centrifuged
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for 3 minutes at 10,000 rpm. The upper layer was collected, 100 mM final
concentration of NaCl and 2 volumes of prechilled (-20°C) EtOH was added and the
tube was stored at -20 ° C for 2 hours or at -80 ° C for 30 minutes for precipitation.
The tubes were centrifuged for 25 minutes at 4 ° C, washed with 70% EtOH and
centrifuged again for 5 minutes. The DNA pellet was dried under vacuum in a
SpeedVac Model DNA 120 (Savant, Holbrook, NY) for 5 minutes and resuspended in
20 µl HzO.
Agarose Gel Electrophoresis
Preparation of Agarose Gels
Agarose gels were prepared in 0.7% (w/v) agarose (Sea-Kem LE) by heating
to a boil in 1 x TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0; Sambrook et
al., 1989) in a microwave oven.
Gel Electrophoresis and Photodocumentation
Electrophoresis was performed in 1 x TAE buffer (see above). 15% loading
dye (0.25% bromthymol blue, 0.25% xylene-cyanol FF and 15% Ficoll Type 400 in
water) was added to each DNA sample before loading into the wells. DNA standards
used were A DNA digested with HindIJJ. and the 1-Kilobase DNA Ladder (Gibco
BRL, Gaithersberg, MD). The DNA size standards were diluted in appropriate
buffers according to the manufacturer's instructions and loading dye was added to
result in a DNA concentration of 0.1 µg/µI.
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Gels were stained in an ethidium bromi,de bath (0.5 µg/ml) prepared in lx
TAE buffer for 20 minutes. Gels were placed on a Fotodyne Foto/Prep Ultraviolet
transilluminator (Hartland, WI) and visualized by using the analytical mode.
Photographs were taken by using Fotodyne FCR-10 camera (settings: F-stop,
4.5; exposure time 1.0 sec) with Polaroid 667 black and white film.
Dephosphorylation of Linearized Vectors
The removal of 5'-phosphate groups from linear plasmid DNA was
accomplished by using Calf Intestine Phosphatase (CIP) (Boehringer Mannheim,
Indianapolis, IN) as described by Sambrook (1989). The enzyme was deactivated by
heating at 70 °C for 10 minutes. DNA was purified via phenol/chloroform. One fifth
volume of 7.5 M �OAc was added to the aqueous layer collected and DNA was
precipitated with twice the volume of prechilled (-20 °C) ethanol at -80 °C for 30
minutes. The tube was centrifuged for 30 minutes. The DNA pellet was washed with
70% EtOH, and centrifuged again for 15 minutes. The pellet was dried under vacuum
for 5 minutes and resuspended in H20.
Ligations
Ligations were performed according to a standard procedure by Sambrook et
al. (1989) using T4 DNA Ligase (Gibco BRL, Gaithersberg, MD). Ligation mixtures
were prepared in a volume of 15 µl and tubes were incubated at 15 °C overnight or at
25 °C for 3 to 4 hours.
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Preparation of Competent Cells
Competent cells were prepared according to the procedure by Sambrook et al.
(1989). For frozen stocks of competent cells, aliquots of 350 µl fresh competent cells
were mixed with 150 µl of 87 % glycerol in cryogenic tubes. The tubes were
immediately immersed in liquid nitrogen and stored at -80 ° C until needed.
Transformation of Competent Cells
Transformation of chemically treated competent cells was carried out according to
the procedure described by Sambrook et al. (1989). For transformations, aliquots of
100 µl competent cells were used.
Triparental Conjugations
Triparental conjugations were performed according to the procedure by de
Bruijn and Rossbach (1994). Donor, helper and recipient strains were grown
overnight in liquid media supplemented with appropriate antibiotics. 200 µl of each
donor and helper cells were mixed with 1 ml of recipient cells in a microcentrifuge
tube and centrifuged at 12,000 rpm for 90 seconds. The control mixture contained
only helper and recipient cells. The pellet was washed with 1 ml TY, resuspended in
50 µl of TY, and was spotted on TY agar. The plates were incubated overnight at the
optimum growth temperature of the recipient (28 ° C). Cells were suspended in water,
diluted and plated onto Davis Minimal Medium supplemented with antibiotics to
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select for the transconjugants. The transconjugants were purified twice on BSM with
the appropriate antibiotics to select for the desired recipient and plasmids.
Southern Blots
Southern blots were performed according to Southern (1975) modified by
Sambrook et al. (1989). DNA fragments were separated on a 0.7 % agarose gel and
transferred on to a positively charged nylon membrane (Boehringer Mannheim,
Indianapolis, IN).
Preparation of Digoxygenin-Labeled Probes
The probes digested with restriction endonuclease were separated on an
agarose gel, excised from the gel and purified (see Isolation of DNA from Agarose
Gel). Approximately 1.0 µg of DNA probes was labeled with digoxygenin 11-dUTP
using the random primer labeling method as described in the manufacturer's
instructions (DIG DNA Labeling Kit; Boehringer Mannheim, Indianapolis, IN).
DNA-DNA Hybridization
Hybridizations were performed with the digoxygenin-labeled probe at 68 ° C
according to the protocol provided by the DIG Nucleic Acid Detection Kit
(Boehringer Mannheim, Indianapolis, IN). Nylon membranes were washed according
to the manufacturer's instruction.
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Chemiluminescent Detection
Chemiluminescent detection was performed with the chemiluminescent
substrate according to the standard protocol provided by the DIG Luminescent
Detection Kit (Boehringer Mannheim, Indianapolis, IN). For signal detection, nylon
membrane wrapped in plastic bag was exposed to an X-ray film (Kodak X-OMAT)
for at least 20 minutes. The film was developed in Kodak Developer (D-19) for 5
minutes, rinsed in cold water for 2 minutes, fixed in Kodak Fixer for 5 minutes,
rinsed for 5 minutes and allowed to air dry.
Polymerase Chain Reaction (PCR)
Oligonucleotide primers were purchased from OnlyDNA (Midland, TX),
Integrated DNA Technologies, Inc (Coralville, IA) or GIBCO BRL/Life
Technologies (Rockville, MD). Oligonucleotides were designed using the Primer
Calculator program provided by Williamstone Enterprises (www.williamstone.com).
All oligonucleotide primers used in this study are listed in Table 2. A 50 µI reaction
mixture was prepared according to the manufacturer's instruction. Briefly, the
reaction mixture contained 10 ng of template DNA, 0.6 µM of each primer, 0.2 mM
deoxynucleoside triphosphate, 2.5 U of RedTaq polymerase (Sigma, St. Louis, Mo)
and 1 x reaction buffer supplied by the manufacturer. The reaction mixture was
covered with 40 µI of mineral oil. The PCR was carried out in an automated
thermocycler (DNA Thermal Cycler 480, PE Biosystems, Foster City, CA) with the
following cycle profile: 93 °C for 2 min, 55 °C for 2 min, and 72 °C for 2 min; 30

32
cycles. Five microliter of PCR product was electrophoresed through a 0.7% agarose
gel for documentation.
Table 2
Primers Used in This Study
Primer name
Tn5-int

M13
M13 Rev

SFl
SF2
SF3
SF4
SF5
SF6
SF7
SF8
SF9
SFlO
SF12
SF13
SF14
SF17
SF23
SF34
SF52
SF56
SF59
SF63

Sequence
5'-CGG
5'-GTA
5'-AAC
5'-CGG
5'-GTC
5'-GCT
5'-GCT
5'-CTG
5'-CTG
5'-GGG
5'-GGA
5'-CGT
5'-GGA
5'-CAA
5'-GTT
5'-CCT
5'-CCA
5'-CGG
5'-GTA
5'-CGC
5'-CCA
5'-CCT
5'-CAA

GAA
AAA
AGC
TTG
GCA
TTA
CGA
GAC
ATA
GCA
TCG
AGC
CAG
TAT
ACC
GAC
CCC
AAG
AAC
AAT
TTA
GAA
CAG

AGG
CGA
TAT
CGG
GTT
TCG
CCT
ATC
AGT
CAG
ACC
GCA
CAG
TCA
TCA
GTT
GGC
TCA
CAC
TCG
TTC
GGT
CAA

TTC
CGG
GAC
GAT
GAC
CCT
TGA
GCC
ACT
GTG
TGA
GCA
GTT
TGT
ACT
GAG
GGC
AGG
CAT
TGG
CGG
TTT
CGC

CGT
CCA
CAT
ATG
CCT
TGT
CTT
AAC
GAA
GCG
CCA
TCC
CGA
TTC
GGA
TGA
ACG
TCG
GAT
GCA
CAG
ATC
CAC

TCA GGA CGC-3'
GT-3'
G-3'
CTC ACT G-3'
GAA GCT A-3'
CCG GTG-3'
CCG A-3'
GTG GT-3'
GGC TA-3'
AG GC-3'
CCA AAG A-3'
ACG AGC G-3'
CAG G-3'
GCT C-3'
CCG ACA G-3'
TTT GGT C-3'
CGC TTC G-3'
AGC AG-3'
GAT CAG-3'
AGG TC-3'
ATG CCC-3'
GAA GGC-3'
TGG CAC-3'

Cloning of the Wild Type DNA Region Corresponding
to the Mutated Region of 45-BlO
For the construction of pSR4514 (see Table 1), the oligonucleotide primers
SF2 and SF14 were used to generate a wild type fragment corresponding to the Tn5-
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B20 insertion in P. fluorescens. The PCR product was cloned into the TA cloning
vector, pCR2. l (Invitrogen, Carlsbad, CA) by standard methods of ligation and
transformation as described above.
Construction of Gene Replacement Mutants
To construct an insertion mutation in a chromosomal gene, the gene was
R

cloned and a Km cassette from the pUC4K (Table 1) was introduced into the gene.
DNA fragments containing the disrupted gene were cloned into the suicide vectors
pME3087 or pME3088 (Voisard et al., 1994) and transformed into DH5-a. The
suicide plasmids were then mobilized into the wild type P. fluorescens strain with the
helper plasmid pRK2013 (see tri-parental mating). Gene replacement will occur via
double homologous recombination. The transconjugants were selected on Davis
Minimal Medium containing 400 µg/ml kanamycin. A single crossover will result in
integration of the vector into the chromosome. Such strains can be identified by
replica plating the kanamycin resistant colonies on Davis Minimal Medium
containing kanamycin and tetracycline. Tetracycline resistant colonies are probably
R

due to vector integration (single crossover) and were not considered further. Km and
5

Tc strains were purified twice on BSM supplemented with the appropriate antibiotics.
Southern blot analyses were performed to confirm the KmR cassette insertion in the
chromosome of the putative gene replacement mutants. The chromosomal DNA of
R

the putative mutants was isolated and digested with enzymes that flank the Km

cassette. Southern blotting was performed and the DNA was hybridized with the
corresponding wild type gene as a probe.
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DNA Sequence Determination
The DNA sequence of pSR4510 was determined completely on both strands.
The DNA region adjacent to the right end of Tn5-B20 was sequenced by using the
Tn5-Int primer, which is complementary to the right bord_er (IS50). For the aid of
sequencing, subclones were generated from pSR4510 in pBlueskript KS+. Primers
used includes M13, M13 reverse primers, and customized primers which are listed in
Table 2.
Automated fluorescent DNA sequencing was performed by MSU-DOE-PRL
Plant Biochemistry facility with the PE Biosystems (Foster City, CA) Catalyst 800 for
Taq cycle sequencing and the ABI 377 sequencer. DNA Sequencing was also
performed at the WMU DNA Sequencing Facility by the dideoxy-chain termination
method with the ABI PRISM Dye Primer Sequencing Kit (PE Biosystems, Foster
City, CA). 0.5 µg template DNA, 5 µM primer, 3 µl 5x Buffer and 2 µl BigDye
Terminator were used in a total sequencing reaction of 20 µI. Sequencing reactions
were performed using the GeneAmp PCR System 9700 (PE Biosystems, Foster City,
CA) at the following condition: 96°C for 5 seconds; 45 °C for 5 seconds; 68 °C for 4
minutes; 25 cycles. Excess Dye terminator nucleotides were removed from the
sequencing reactions by CENTRI. SEP columns with sephadex according to
manufacturer's instructions. Automated DNA sequencing was carried out by using
the ABI PRISM 310 Genetic Analyzer (PE Biosystems, Foster City, CA).
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DNA Sequence Analysis
Nucleotide sequences were assembled, analyzed and translated by using the
SeqEd program (Applied Biosystems, Foster City, CA). Open reading frames
(ORF's) were identified by using the CodonUse 3.1 program (Conrad Halling,
University of Chicago) with the usage table specific for P. fluorescens. Multiple
sequence alignments of amino acids were accomplished by using the Multiple
Sequence Alignment program provided by the BCM Search Launcher with the
Match-Box 1.3 method. Shadings of identical amino acids were performed by using
BOXSHADE 3.21. The DNA and deduced amino acid sequences were compared to
the GenBank database by using the BLAST 2.0 search programs provided by the
National Center for Biotechnology Information web site. The structure predictions of
translated amino acids were performed using PredictProtein. Multiple Sequence
Alignments, BOXSHADE 3.21, BLAST 2.0 (Altschul et al., 1990) and PredictProtein
programs are all available from Pedro's Biomolecular Research Tools
(http://www.public.iastate. edu/~pedro/rt_l. html).

RESULTS
Identification of Mutant 45-B10
In the effort to study metal regulated gene expression, fourteen mutant strains
that displayed differential gene expression in response to the heavy metal cadmium
had been isolated (Rossbach et al., 2000). Each mutant carries the /acZ-based
reporter gene transposon Tn5-B20 at a unique location in its genome. One of the
cadmium responsive mutant strains, 45-B10, was found to be reduced in its growth in
the presence of cadmium and zinc ions. Mutant 45-B10 was chosen for further
analysis because it was assumed that the transposon insertion caused a phenotype that
increased its sensitivity to heavy metals.
To analyze the metal sensitivity of mutant 45-B 10 in more detail, the growth
of the mutant was evaluated in the presence of CdCh and ZnSO4. The metals were
added to the culture after 6-8 hours of growth when the cultures had reached an OD595
of 1.0. Upon the addition of 0.4 mM CdCh (final concentration), the growth of
mutant 45-B10 was completely inhibited (Figure 3A). The growth rate of the wild
type was reduced significantly but reached a similar OD as the untreated cultures
when the cells entered stationary phase (Figure 3A). When 1.5 mM ZnSO4 (final
concentration) was added to the culture, the growth rate of 45-B10 was reduced
initially but its growth was not inhibited completely (Figure 3B). In contrast, the

36

37
A 4.0

"'
"'
O>

C

CJ
C:

ca

.0
Ill

.0
<C

3.5
3.0

CdCl2 added

2.5
2.0
1.5

-WT
-0-WT+Cd

1.0
0.5
0.0

--a-45-B10

--0--45-B10 +Cd
0

10

20

30

Time (Hours)

40

50

60

B 4.0

-

3.5

"' 3.0
"'
2.5

ZnS04 added

O>

CJ
C:

ca

.0
Ill

.0
<C

2.0
1.5
-WT
-0-WT+Zn

1.0
0.5
0.0

--a-45-B10

--0--45-B10 +Zn
0

10

20

30

Time (Hours)

40

50

60

Figure 3. Effects of Cadmium and Zinc on the Growth of Mutant 45-BlO. Growth
curves of mutant 45-B 10 are compared to wild type in the presence of
cadmium (A) and zinc (B). Cultures were exposed to a final concentration
of either 0.4 mM CdCh or 1.5 mM ZnSO4 after 8 hours of growth.
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growth of the wild type was only slightly reduced in the exponential phase
(Figure 3B).
13-Galactosidase Activity of the lacZ Fusion in Mutant 45-B10
The expression of the lacZ fusion in mutant 45-B10 was determined
quantitatively by the enzyme assay using ONPG. The 13-galactosidase activity with
and without ZnS04 was very low (2.2 vs. 3.3 Miller unit) and the 13-galactosidase
activity was reduced in the presence of CdCl2 (1.3 Miller unit).
Sensitivity of Mutant 45-B10 to Other Metals
To determine whether the transposon insertion affected the sensitivity of
mutant 45-B10 to other metal ions in addition to cadmium and zinc, the mutant and
wild-type strains were subjected to various heavy metal stresses by using the disk
diffusion method. The metal ions tested included CdC}z, ZnS04 , CoC}z, CuS04 ,
NiC}z, AgN03 and HgC}z. The diameter of the inhibition zones was measured and
the values for the mutant were compared to those of the wild type. There was a
drastic increased zone size around the metal disks with CdC}z (67% increase) and
ZnS04 (51% increase) for strain 45-BlO (Table 3). No significant changes in the
inhibition zone of other metal disks were observed when compared to the wild type.
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Table 3
Sensitivity of Mutant 45-BlO to Various Metal Ions

Metals

Diameter of Inhibition Zones (mm)
45-BlO
Wild type

CdC}z
ZnSO4
CoC}z
CuSO2
NiC}z
AgNO3
HgC}z

12.0
21.5
31.0
21.5
26.0
12.0
28.0

20.0
32.5
35.0
22.0
28.0
13.0
30.0

Genetic and Physical Characterization of the DNA Region Surrounding Tn5-B20 in
Mutant 45-BlO
Tn5-B20 contains a kanamycin resistance marker, thus, strains carrying
plasmids containing the transposon can be isolated by selecting for ampicillin and
kanamycin resistance. The resulting plasmid, pSR4510, was mapped using different
combinations of restriction endonucleases such as BamHI, Bglll, EcoRI, EcoRV,
HindIIT, Kpnl, Sall and Xhol (Figure 4). The size of the insert in pSR4510 is 16.4 kb
including the 8.2 kb of Tn5-B20.
In order to identify ORFs that may encode proteins involved in metal
tolerance, plasmid pSR4510 and subclones derived from pSR4510 were used for
DNA sequencing. Analysis of the double-stranded DNA sequence of plasmid
pSR4510 with the CodonUse program revealed several significant ORFs related to
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Figure 4. Restriction Map of the insert in pSR4510. Restriction enzymes indicated
are: B, BamHI; G, Bgill; E, EcoRI; H, Hindlll; K, Kpnl; P, Pstl; RV,
EcoRV; S, Sall; X, Xhol. The two arrows indicate the primers used for the
cloning of the corresponding wild type DNA.
metal tolerance genes by sequence similarity, each of which will be described in
detail below.
From the analysis of the ORFs identified and by sequence comparison, we
noticed that one of the ORFs, czyA, was not completely contained on pSR4510.
Therefore, to obtain the complete DNA sequence of this ORF, a partial genomic
library of P. fluorescens was constructed. The 0.5 kb Sall fragment from the right end
of pSR4510 (Figure 5) was hybridized with the chromosomal DNA of P. fluorescens
digested with several restriction enzymes. EcoRV was found to be located
approximately 2.4 kb downstream of the Kpnl site indicated in Figure 5. Total DNA
of the P. fluorescens was double-digested with Sall and EcoRV, resulting fragments
between 2.0 - 4.3 kb were isolated from an agarose gel and cloned into pBluescript
KS+. After transformation, approximately 400 ampicillin resistant colonies were
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Figure 5. Physical Map of the czy Region in the Genome of P. fluorescens ATCC 13525. The open arrows indicate open
reading frames and their direction of ti;anscription. The restriction sites are: B, BamHI; E. EcoRI; RV, EcoRV; G,
Bglll; H, Hindlll; K, Kpnl; P, Pstl; S, Sall; X, Xhol. Restriction sites shown in parenthesis were derived from the
polylinkers of either pCR2.1 or pBluescript KS+. The arrows represent the primers used for the cloning of
pSF4514. Solid lines indicate complete sequence in double strands. Dash lines indicate incomplete sequence.
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obtained and plasmid DNA was isolated from pools of eight colonies. The plasmid
pools were digested with Kpnl and the 0.5 kb Sall fragment was used as a probe.
Pools of plasmids that showed strong hybridizing bands were subjected to PCR with
the M13 Reverse and SF14 primers (Figure 5). Only one group showed the expected
PCR product of 0.2 kb. The plasmid DNA from the eight individual strains of this
pool was isolated and PCR was performed again with the same primers. A positive
clone was identified and isolated. Southern blot was performed to verify the presence
of the 0.5 kb Kpnl fragment on the clone designated pSF4526.
Sequence Determination of the czy Genes
By combining the DNA sequence of pSR4510 beginning at the first EcoRI
site 426 nucleotides downstream of the Kpnl of plasmid pSF4526, the complete
nucleotide sequence of 7847 bp was obtained for both strands (see Appendix A). The
analysis of the DNA sequence using the CodonUse program revealed one partial ORF
and four complete ORFs (Figure 6).
An incomplete ORF, designated orfl, is located on the left end of pSR4510
(Figure 5). The partial orfl is 743 nucleotides in length and it starts 270 bp
downstream of the EcoRI site. We designated the ORFs adjacent to orfl as czyO,
czyR, czyS, czyA, czyB, czyC and czyD based on sequence comparisons and the
predicted functions of these genes in conferring tolerance to cadmium and zinc.
The second ORF, czyO is located 623 bp from, and in an opposite direction of
orfl. A putative ribosome binding site (GAGGAG) of czyO is located 6 bp preceeding
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Figure 6. Codon Usage Analysis of the Genetic Region Containing czyO, czyR, czyS and czyA in Pseudomonas
fluorescens ATCC 13525. The top three boxes (A, Band C) represent the open reading frames in the forward
direction of transcription. The bottom three boxes (D, E and F) represent the open reading frames in the reverse
direction of transcription. The numbers indicated in the middle indicate the number of nucleotides.
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the putative ATG start codon. The size of czyO is 1316 nucleotides in length. The
third ORF, czyR, is located 344 bp downstream of the putative stop codon (TGA) of
czyO and is transcribed in the same direction as czyO. The czyR gene contains 475
nucleotides and a putative ribosome binding site (AAAA_GG) is located 10 bp
upstream of the predicted ATG start codon. The fourth ORF, czyS, is located
immediately downstream of czyR. The start codon of czyS overlaps the predicted TGA
stop codon of czyR and is located 7 bp downstream of a putative ribosomal binding
site (GAGG). The czyS gene is 1437 nucleotides in length. The czyS sequence is
followed by an ORF of 3020 nucleotides, czyA. The location of czyA is in an
orientation opposite to the direction of transcription of czyS. The predicted TGA stop
codon of czyA overlaps the last 86 bp of czyS. An ATG start codon for czyA is
located 9 bp downstream of the putative ribosomal binding site GAG. Several other
ORFs were identified from partial DNA sequencing of the region upstream of czyA.
The incomplete DNA sequences are indicated by dashed lines in Figure 5. The ORF
czyB is located next to and is transcribed in the same direction as czyA. The TGA
stop codon of czyB is located 22 bp away from the ATG start codon of czyA.
Sequencing of the DNA upstream of czyB from the EcoRV site of pSF4526 (Figure 5)
revealed another partial ORF. This ORF designated as czyC is transcribed in the same
direction as czyB. Another partial ORF, czyD is located next to czyC in the same
orientation. The TGA stop codon of czyD is located 89 bp apart from the ATG start
codon of czyC.
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Analysis and Comparison of the Deduced Amino Acid Sequences
The predicted protein sequences of orfl, czyO, czyR, czyS, czyA, czyB, czyC
and czyD were analyzed for common motifs and compared to other proteins in the
GenBank database by using the BLASTX program (Altschul et al., 1997).
The first 289 amino acids of the predicted sequence of Orfl are similar to the
N-terminal amino acids of the 579-aa McpA protein (39% identity) found on the Ti
plasmid (pTiC58) of Agrobacterium tumefaciens. McpA is a protein similar to the
methyl accepting chemotaxis proteins (MCPs) that span the inner membrane of E.
coli and other bacteria and is involved in the chemotaxis signal pathway (Kim and
Farrand, 1997).
The czyO gene encodes a putative protein of 438 amino acids. The predicted
molecular weight is 48 kDa. The deduced amino acid sequence of CzyO contains a
high glycine content (10.7%). The N-terminus of the protein contains hydrophobic
amino acids followed by the sequence A-V-A. These characteristics represent a
putative prokaryotic signal peptide (Pugsley, 1993). The putative signal peptide
cleavage site is between position 18 and 19. The presence of a histidine and two
cystein residues (Figure 7; boxed sequence) represent a putative metal binding motif.
The predicted CzyO shares 63% identity with the OprD3 porin precursor of P.
aeruginosa (Figure 7). OprD3 is similar to OprD2, which is a pore forming protein in
the outer membrane involved in diffusion of basic amino acids (Yoneyama et al.,
1992).
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Figure 7. Alignment of the Deduced Amino Acid Sequence• of the P. fluorescens
czyO Gene (P.f CzyO; This work) and the P. aeruginosa OprD3 protein
(Accession # AF033849). Identical amino acids are shaded. The numbers
indicate the amino acid residues. Gaps(-) are inserted in the amino acid
sequences to optimize the alignment. The arrow indicates the putative
cleavage site of the leader peptide. The boxed amino acid residues indicate
a putative metal binding site.
The czyR gene encodes a putative protein of 224 amino acids with a predicted
molecular weight of 25.5 kDa. The predicted CzyR is composed of 41.5% helix,
23.7% sheet and 34.8% loop structure. Thus, according to the predicted secondary
structure, CzyR is classified as an alpha-beta protein. There are five repeats of �/a in
the protein and each �-sheet/a-helix is connected by a tum. A putative helix-tum
helix motif is located at the C-terminus of the predicted CzyR(Figure 8). An
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Figure 8. Alignment of the Deduced Amino Acids of the P. fluorescens czyR Gene
P.f CzyR; this work), CzrR of P. aeruginosa (P.a. CzrA; Accession#
Y14018), CzcR of A eutrophus (A.e. CzcA; Accession# Q44006), CopR
of P. syringae (P.s. CopR; Accession# Q02540) and PcoR of E.coli
(E.c. PcoR; Accession# S52257). The putative phosphorylation site is
indicated by an asterisk below the aspartic acid residue (at position 52).
The boxed sequence represents the helix-tum-helix motif for DNA
binding (-H-T-H-). The numbers indicate the amino acid residues. Gaps
(-) are inserted in the amino acid sequences to optimize the alignment.
aspartate residue thought to be a phosphorylation site is found at position 51 in the
protein. The predicted amino acid sequence of CzyR showed similarity with the
response regulatory proteins from two-component systems such as CzrR (71%
identity) of P.. aeruginosa, CzcR (57% identity) of A eutrophus, CopR (57%
identity) of P. syringae and PcoR (55% identity) of E. coli (Figure 8).
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The predicted CzyS protein contains 479 amino acids and its molecular weight
is 52 kDa. Based on the analysis of the predicted membrane topology, the deduced
amino acid sequence of czyS contains two hydrophobic regions at the N-terminus that
traverse the membrane (Figure 9; amino acids 15 to 35 and 167 to 185). Between the
two membrane helices, the amino acids are likely to be located outside of the
membrane. The remaining amino acids are located inside of the membrane and a
putative histidine phosphorylation site is located in this region. The predicted CzyS
exhibited a 32%, 42% and 42% sequence identity with the membrane sensor kinase of
two-component systems, CzcS of Alcaligenes eutrophus, CopS of P. syringae and
PcoS of E. coli, respectively (Figure 9). The four major conserved regions in the
sensor proteins are indicated in Figure 9 (boxed sequences).
The czyA gene encodes a putative protein of 1051 amino acids. The predicted
CzyA is a large protein of 112 kDa. Based on the hydropathy plot of the predicted
amino acid sequence, there are six hydrophobic regions that may correspond to the
transmembrane a-helices. The predicted CzyA shares similarity with the cation
proton antiporters involved in efflux of metal ions. The predicted sequence is 76 %
identical to CzrA of P. aeruginosa and 72 % identical to CzcA of A eutrophus Figure
10).
The predicted amino acids of the 3' end of czyB are similar to the C-terminal
23 amino acids of the 405-aa long CzrB of P. aeruginosa (67% identity) and the C
terminal 25 amino acids of the 520-aa long CzcB of A eutrophus (56% identity).
CzrB and CzcB are both putative membrane fusion proteins that facilitate ion efflux
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Figure 9. Alignment of the Deduced Amino Acids of the P. fluorescens czyS Gene
(P.f CzyS; this work), CzcS of A eutrophus (A.e. CzcS; Accession#
Q44007), CopS of P. syringae (P.s. CopS; Accession# Q02541) and
PcoS of E. coli(E.c. PcoS; Accession# S52258). The putative
phosphorylation site(histidine) is indicated by an asterisk below the amino
acids. The four major conserved regions present in the amino acid
sequences of the sensor proteins are boxed and labeled I, II, III and IV.
Identical amino acids are shaded. The numbers indicate the amino acid
residues. Gaps(-) are inserted in the amino acid sequences to optimize
the alignment.
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of the cation-proton antiporter CzrA and CzcA, respectively (Hassan et al., 1999;
Rensing et al. 1997).
The predicted amino acids of the 563 nucleotides at the 5' end of czyC share
43% and 38% identity with the N-termini of the 426-aa CzrC of P. aeruginosa and
the 417-aa long CzcC of A eutrophus, respectively. CzrC and CzcC are auxillary
proteins that aid the metal ion transport of Czr and the Czc efflux systems,
respectively (Hassan et al., 1999; Rensing et al., 1997).
The predicted protein sequence of the 3' end of czyD showed 47% identity to
the N-terminus of the 316-aa long CzcD of A eutrophus. CzyD is the metal ion
transport protein involved in the regulation of czc system (Anton et al., 1999).
The comparisons of the predicted proteins encoded by czy genes and the relevant
proteins described above are summarized in Table 4.
Location of the Tn5-B20 Insertion in 45-BlO
The chromosomal insertion of Tn5-B20 in mutant 45-BlO is located precisely
74 nucleotides from the presumptive start codon of the czyS gene. A duplication of 9
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Figure 10. Alignment of the Deduced Amino Acids of the P. fluorescens czyA Gene
(P.f CzyA; this work), CzrA of P. aeruginosa (P.a. CzrA; Accession#
Y14018) and CzcA of A eutrophus (A.e. CzcA; Accession# P94177).
Identical amino acids are shaded. The numbers indicate the amino acid
residues. Gaps(-) are inserted in the amino acid sequences to optimize
the alignment.
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nucleotides at the target site of the transposon Tn5 is a common feature after the
transposition occurred (Snyder and Champness, 1997). During our DNA sequence
analysis, we observed two repeated sequences of 9 nucleotides flanking each end of
Tn5-B20 in plasmid pSR4510. Sequencing of the PCR product corresponding to the
wild-type DNA around the transposon insertion showed the original single copy of 9
nucleotides, proving that the two copies of 9 bp sequence adjacent to both ends of
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Table 4
Percentage Identity of the Predicted Amino Acid Sequences of the
czy ORFs of P. fluorescens ATCC 13525
CzrSRCBAa CzcCBADRSb CopABCDRSc PcoABCDRSct OprD3e
CzyO
CzyR
CzyS
CzyA
r
CzyB
CzyCr
r
CzyD

NRg
71%
NR
76%
67%
43%
NR

NR
57%
32%
72%
56%
38%
47%

NR
57%
42%
NR
NR
NR
NR

NR
55%
42%
NR
NR
NR
NR

63%
NR
NR
NR
NR
NR
NR

Proteins encoded by the czrSRCBA genes from P. aeruginosa
b Proteins encoded by the czcCBADRS genes from A. eutrophus
c Proteins encoded by the copABCDRS genes from P. syringae
d Proteins encoded by the pcoABCDRS genes from E.coli
• Protein encoded by the oprD3 gene of P. aeruginosa
r Proteins predicted from partially sequenced ORFs
g NR: Nnot relevant
a

Tn5-B20 are a duplication resulting from the transposition event.
Complementation Analysis
To eliminate the possibility that the hypersensitivity of mutant 45-B10 to
cadmium and zinc was caused by a secondary mutation rather than the original Tn5B20 insertion, the corresponding wild type region containing czyR, czyS and the
partial czyA genes was re-created by PCR for a complementation test. The wild-type
fragment was obtained via PCR using primers homologous to regions of pSR4510
(primers SF2 and SF14, see Figure 4). The PCR product was cloned into the vector
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pCR 2.1resulting in pSF4514. The 3.0 kb EcaRI fragment from pSF4514 was
subcloned into the broad host range vector pTE3. The resulting clone, pSF108
(Figure 5), was mobilized into mutant 45-BlO via tri -parental mating . The sensitivity
to cadmium and zinc of the mutant 45-B10, complemented strain and wild type was
determined by the MIC assay described by Mergeay (1995; Table 4) . The
complementation of strain 45-BIO restored the MIC of cadmium and zinc to the wild
type levels . The MIC of cadmium was 0.4mM for the wild type and mutant 45B 10/pSF108, and 0.2mM for strain 45-B10and 45-B10/pTE3. The MIC of zinc was
2.0mM for the wild type and mutant 45-B10/pSF108, but 1.0mM for mutant 45-B10
and 45-B 10/pTE3.
Table 5
Complementation Assay

CdC] i
Wild type
45-BlO
45-B10/pSF108
45-B10/pTE3

0.4mM
0.2mM
0.4mM
0.2mM

MIC

2.0mM
l.0mM
2.0mM
l.0mM

Construction of czy Mutants by Gene Replacement
Based on the DNA sequence and phenotypic analysis, we had determined that
the original transposon insertion in CzyS resulted in metal sensitivity to cadmium and
zinc . In order to determine whether czyR, czyA or czyO also play a role in metal
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tolerance, defined mutations in each of the genes were created in the chromosome of
P. fluorescens by gene replacement. Fragments containing czyR, czyA and czyO were
subcloned and a DNA cassette that confers kanamycin resistance derived from the
plasmid pUC4K (Table 1) was inserted into specific restriction sites. The fragments
containing the KmR cassette were cloned into the suicide vectors pME3087 or
pME3088 (TcR ; Table 1). Resulting plasmids were mobilized into P. fluorescens
wild type using the helper plasmid pRK2013. The sequences (at least 0.5 kb) to the
left and to the right of the inserted cassette provided enough homology for a double
homologous crossover to occur. Generally, ten transconjugants that displayed the
correct antibiotic markers (KmR ; Te s) were selected and chosen for Southern blot
analysis to confirm the insertion mutations. The construction of the mutants in the
czyA, czyO and czyR genes is described below.
Construction of the czyA Mutant
The 2.0 kb EcoRV-Kpnl fragment containing the partial czyA gene of
pSF4508 was cloned into pCR2.1 resulting in pSFlOl (Figure 11). The KmR cassette
was inserted at the unique EcoRI site resulting in pSFl11. The restriction site Xbal
on the poly linker of the pBluescript vector was used for the cloning of Kpnl-Xbal
fragment of pSFl11 into pME3087. The resulting plasmid, pSFl12, was mobilized
into P. fluorescens for the gene replacement experiment. To confirm the insertion of
R

the Km cassette, the total DNA of five putative mutants was digested with Kpnl and
the 2.0 Sall fragment of pSF4522 containing part of the czyA gene was used as a

56
Tn5-B20
czyO
pSR4510 I

�

::..

11

�-

czvR l czyS
�

1;1
c:,

1;1�
c:, -

't,

�

:=..

�

czyA

pSFlOl
pCR2.l

pSFlll
pCR2.l

117

� � g,
,::i

Cl

Cl

-- -:;c,
- -----�---�
Krn

pSFl 12

R

pME3087

1 kb

Figure 11. Construction of a Defined Mutation in the czyA gene. The 1.2 kb
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kanamycin caassette (Km ) was inserted into the unique EcoRI site of
czyA. The thick lines represent the cloning vector and thin lines represent
the insert sequences. Restriction sites shown in parenthesis are from the
cloning vector pCR2.1.
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probe for hybridization (Figure 12). Each of the five gene replacement mutants
displayed a Kpnl hybridizing fragment of 8.5kb (Lane# 2-6) which was
approximately 1.2 kb (size of the KmR cassette) larger than the 7.3 kb hybridizing
fragment of the wild type (Lane# 1). One of the mutant strains was designated
M112.
A
"A

B
1

2

3

4

5

1

2

3

4

5

8.5kb➔
7.3 kb ➔

Figure 12. Photograph of Ethidium Bromide Stained Agarose Gel (A) and the
Corresponding Southern Blot (B) for the Verification of the Insertion
Mutation in Ml 12. Total DNA of the wild type and the replacement
mutants were digested with Kpnl and hybridized with the 2.0 kb Sall
fragment containing the partial czyA gene. A: A!Hindill DNA as size
marker. Lane 1: Wild type. Lane 2-6: czyA replacement mutants. The
hybridizing bands of all the mutants are 1.2 kb larger than the wild-type
hybridizing band.
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Construction of the czyO Mutant
The 2.7 kb Pstl-Xhol fragment containing czyO of plasmid pSF4510 was
cloned into pBluescript KS+ resulting in plasmid pSFl 15 (Figure 13). The KmR
cassette from pUC4K was cloned into the single EcoRI site of pSFl 15 resulting in
pSF116. The Kpnl-Xbal restriction sites from the pBluescript vector on both sides of
the insert of pSFl16 were used to clone this fragment into pME3087. The resulting
plasmid was designated pSFl 17 and was used to replace the wild type czyO gene
resulting in mutant Ml17. The insertion of KmR cassette in the chromosomal czyO
was confirmed by Southern hybridization as described above.
Construction of the czyR Mutant
The PCR product cloned in pSF4514 was the basis for the construction of the
czyR mutant (Figure 14). The 1.9 kb Kpnl-Sall fragment comprising the czyR and
part of czyS genes was cloned into pME3088 to generate the plasmid pSFl 13. The
KmR cassette was inserted at the unique Pstl site in czyR to yield pSFl14. The
resulting mutant was designated Ml 14. The correct gene replacement in Ml 14 was
confirmed by Southern hybridization as described above.
Construction of the czyS Mutant
In order to ensure that Tn5-B20 is really the cause of the mutation in 45-BlO,
the Kpnl insert of pSR4510 co�taining Tn5-B20 and the surrounding DNA was used
to replace the corresponding wild type fragment. The 16.4 kb Kpnl fragment was
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cloned into the vector pME3087. The resulting plasmid, pSF4521, was conjugated
into the wild type via triparental mating. A total of ten kanamycin resistant and
tetracycline sensitive strains were picked and the gene replacements were examined
by Southern blot analysis. Total DNA of all strains were digested with Kpnl and
probed with the 1.4 kb Pstl-Sall fragment of pSF4514 (Figure 5). Only two of the ten
strains showed the expected size of a 17 kb hybridizing band. These other eight
strains showed the same hybridizing fragments as the wild type. This may have been
caused by the transposition of Tn5-B20 from the plasmid into a different location in
the genome during the recombination event. The mutant with the "repeated" Tn5B20 insertion in czyS was designated M21.
Phenotypic Analysis of the czy Mutants
The effects of various metal ions on the growth of the czyR, czyS, czyA and
czyO mutants (M114, M21, M112 and M117) were examined to determine whether
the disruption of these genes will result in a diminished tolerance to metals. The disk
diffusion method was used for the detection of metal sensitivity. The metal ions
2+

tested included Cd , Zn , Co +, Cu +, Ni , Ag2+ and Hg . Mutants Ml 14, M21 and
2+

2+

2

2

2+

M112 showed sensitivity only to Cd and Zn . Mutant M117 was sensitive to Zn
2+

2+

2+

only (data not shown).
The metal sensitivity of the mutants determined by the disk-diffusion method
was based on a semi-quantitative observation. In order to determine the MICs of
metal ions for all the mutants and the wild type, we used the MIC determination
protocol described by Mergeay (1995). The MIC values of Cd2+, Zn2+ and Co2+for the

protocol described by Mergeay (1995). The MIC values of Cd +, Zn + and Co for the
2

2

2+

wild type and the mutants 45-BlO, M114, M112 and Mll7 are shown in Figure 15.
All mutants but Ml17 (czyO) were sensitive to cadmium in comparison to the wild
2

type. The MICs of Cd + was 0.4 mM for wild type; 0.2 mM for 45-B10, Ml14 and
M112; and 0.4 mM for M117. All mutants were more sensitive to zinc as compared
to wild type. Whereas the MIC of Zn2+ was 2.0 mM for the wild type, it was 1.0 mM
2+

for 45-B10, Ml13, Ml12 and Ml17. There was no difference in the MIC of Co (0.4
mM) between wild type and the mutants 45-BlO, M112 and M117. However, M114
2+

had a lower MIC of Co (0.2 mM) compared to wild type. Mutant M21 (the
"repeated" mutant) exhibited exactly the same phenotype as 45-BlO, and there were
no differences in MICs of Cd2\ Zn2+ and Co2+ between the two mutants (data not
shown).
Detection of Genes Similar to czyR in Other Pseudomonas Strains
To determine whether sequences similar to czyR genes could be found in other
Pseudomonas strains, a hybridization experiment was performed. The 1.15 kb
HindIII-Hpal fragment from the plasmid pSR4510 containing czyR and 185 bp of
Tn5-B20 was used as a probe to hybridize with the chromosomal DNA of P.
aeruginosa, Pseudomonas aureofaciens, Pseudomonas putida and Pseudomonas
syringae. Hybridization was carried out under high stringency conditions to eliminate
background since czyR is similar to the very well conserved gene family of the two
component regulatory proteins. Southern blot analysis detected a major EcoRI
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hybridizing fragment in the genome of P. aeruginosa strain PAOl (6.0 kb) and P.
syringae (19.0 kb), with a stronger signal in PAOl (data not shown). In addition,
several weak hybridizing bands were also detected in all Pseudomonas strains tested.
The detection of DNA sequence similar to czyR may suggest that czyR is conserved in
the chromosome of P. aeruginosa and P. syringae, at least on the DNA level.
Thus, this work has resulted in the identification and complete sequence
determination of four genes, czyO, czyR, czyS and czyA. Moreover, four other ORFs
identified, orfl, czyB, czyC and czyD were partially sequenced. Defined mutations in
the czyO, czyR, czyS or czyA genes were constructed and these mutants were found to
be more sensitive to heavy metal ions compared to the wild type, proving that czyO,
czyR, czyS and czyA play a role in conferring metal tolerance to P. fluorescens.
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DISCUSSION
As part of a larger study with the goal of identifying heavy metal regulated
gene fusions in P. fluorescens using transposon mutagenesis, a chromosomal locus
containing the genes czyO, czyR, czyS, czyA has been isolated and characterized and
the complete sequence has been determined. These genes were also shown to be
functional in metal tolerance. Furthermore, the partial DNA sequences of orfl, czyB,
czyC and czyD were also determined.
The predicted proteins of czyCBA are similar to the cation-proton antiporter
encoded by the czcCBA genes of the metal resistant A. eutrophus strain CH34 and the
czrCBA genes of the metal resistant P. aeruginosa CMG103. The predicted
transmembrane regions in CzyA seem to be highly conserved in CzyA and CzrA
(Figure 16). The P. fluorescens mutant with an insertion in the czyA gene had a lower
tolerance to cadmium and zinc as compared to the wild type. This suggests that czyA
plays a role in cadmium and zinc tolerance. On the basis of sequence similarity with
CzcA, the putative function of CzyA might be to efflux ions out of the cells. The
complete DNA sequence of czyB and czyC has not yet been obtained, nor has the
phenotypic analysis of a mutation in each of these genes been analyzed. However,
based on the sequence similarity and genetic organization of czyCBA, one may predict
that the proteins of the czy structural genes facilitate the transport of cations to CzyA.
CzyD is similar to CzcD, which belongs to the CDF protein family. The
members of the CDF family are involved in the reduced accumulation of cations like
65
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cadmium, zinc and cobalt, and in addition, in the regulation of gene expression
(Anton et al., 1999). Currently, we do not know if czyD is involved in metal
tolerance in P. fluorescens.
The czyR and czyS genes are located in an opposite orientation to czyCBA and
they encode two putative regulatory proteins with similarity to the response regulators
and the sensor kinases of the two-component systems, respectively. Two-component
signal transduction proteins have been found to play a role in the regulation of metal
resistance genes in some bacteria including CopRS in P. syringae, PcoRS in E. coli,
CzcRS in A eutrophus and CzrRS in P. aeruginosa. CzyS, similar to the sensor
kinase that senses osmolarity, EnvZ, contains two potential membrane spanning
hydrophobic regions which suggest that it is also a transmembrane protein (Stock et
al., 1989). The predicted CzyS is similar to other sensor kinases in four major

conserved regions including the putative histidine kinase autophosphorylation site
(Figure 9). The histidine residue at position 243 in EnvZ has been shown to
autophosphorylate and to transfer its phosphate group to its response regulator,
OmpR, when osmotic pressure changes (Roberts et al., 1994). Based on the analysis
of the predicted protein structure, CzyR, like the other response regulators, contains
compactly folded �-sheets and a-helices. The helix-tum-helix motif at the C
terminus suggests that CzyR is probably a DNA binding protein (Mills et al., 1994).
CzyR also contains the putative conserved aspartic acid residue thought to be the
phosphorylation site for its activation (Forst et al., 1990). A mutation in czyR resulted
in a decreased tolerance of the cells to cadmium, zinc and cobalt, whereas the czyS

mutant was only sensitive to cadmium and zinc. This indicates that czyRS are
involved in metal tolerance, possibly via the regulation of the czyCBA operon. The
putative transmembrane sensor CzyS may sense high levels of cations in the
periplasm and phosphorylates the response regulator CzyR in the cytoplsm. The
phosphorylated CzyR may, in tum, activate the expression of czyCBA operon by DNA
binding.
The general organization of czy, czc and czr operons, which seems to be
closely related is shown in Figure 17. In this figure, the orientation of the czy genes is
reversed to facilitate the comparison with the czc and czr operons. It appears that the
order of the czyCBA, czcCBA and czrCBA is conserved in these operons. The major
difference in the organization is the orientation of the putative two component
regulatory genes, czyR and czyS and the location of the other putative regulatory gene,
czyD. In A. eutrophus and P. fluorescens, the czcRS and czyRS genes are located
downstream of the structural genes, czcCBA and czyCBA, respectively. However, in
P. fluorescens, czyRS are in an opposing orientation to czyA. Interestingly, the stop
codons of the convergent czyS and czyA genes overlap. To our knowledge,
convergent overlapping translational stop codons have never been described in other
bacteria. However, overlapping transcripts of convergent genes are more common.
' The overlapping convergent transcripts from the opposing ilv Y and ilvA genes for the
biosynthesis of amino acids in E. coli are an example of convergent transcriptional
termination (Sameshima et al., 1989). In contrast to czcRS and czyRS, czrRS in P.
aeruginosa are located in an orientation divergent to czrCBA. The czyD gene in P.
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fluorescens is located upstream czcCBA, in contrast to czcD of A. eutrophus, which is
located downstream of its czcCBA. In A eutrophus, the czcD gene is transcribed
together with czyRS under the control of the same promoter (Gro�e et al., 1999).
The predicted protein of the czyO gene is similar to OprD3, an OprD2-like
porin precursor protein from P. aeruginosa. OprD2 is a _pore forming protein in the
outer membrane of P. aeruginosa. It facilitates the diffusion of small peptides
containing basic amino acids and imipenem, an antibiotic that is structurally similar to
basic amino acids (Ochs et al., 1999, Yoneyama et al., 1992). OprD2 is initially
synthesized as a porin precursor with a signal sequence, and the protein is then
modified to the mature peptide following the cleavage of the 23 N-terminal amino
acids (Yoneyama et al., 1992). A putative signal peptide cleavage site was also
identified in CzyO between positions 18 and 19. The high glycine content appears to
be a general feature of porins in Gram-negative bacteria (Rieger et al., 1991).
Although the highest similarity of CzyO was shown with a porin involved in diffusion
of basic amino acids, an insertion mutation in czyO renders the cell sensitive to zinc.
Thus, we conclude that czyO plays a role in zinc tolerance. There are one histidine
and two cysteine residues (boxed sequence in Figure 8) found in the putative signal
peptide of CzyO that are not present in OprD2. These histidine and cysteine residues
could putatively interact with metal ions in the cytoplasm before it is inserted in or
transported through the cell membrane. Based on the sequence analysis and
comparison of the predicted protein, we speculate that CzyO is an outer membrane
protein that releases the cation zinc across the outer membrane, as described for the
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Czc efflux system for the hypothetical protein (OmpY) and other transport systems
that depend on membrane fusion proteins (Skvirsky et al., 1995; Rensing et al.,
1997).
The phenotypic analysis summarized in Figure 18 shows that the czyS and
czyA genes are functional in conferring tolerance to cadmium and zinc in P.
fluorescens. The czyR gene not only confers tolerance to cadmium and zinc but it is
also responsible for cobalt tolerance. However, the mutant with a czyO mutation
(Ml 17) exhibits sensitivity to zinc alone. The sensitivity of Ml 17 to zinc seems to be
more severe compared to the other mutants (Figure 15). The difference in metal
sensitivity of these mutants is unclear to us. However, we speculate that if each of the
gene products show specificity for various metals, then when these proteins act in
concert, the organism shows tolerance to all metals.
In mutant 45-B 10, Tn5-B20 has inserted in the 5' end of the czyS gene
corresponding to the 23 rd amino acid of the predicted CzyS. The insertion of lacZ is
in an opposite orientation to the direction of transcription of czyS. Therefore, mutant
45-BlO probably did not show any major �-galactosidase activity upon metal
induction with the qualitative �-galactosidase assay. However, mutant 45-BlO was
originally found to have a low cadmium-inducible �-galactosidase activity when
plated on X-gal containing metal ions. The low levels of �-galactosidase activity
observed from the X-gal plates might be the result of a "read through" from czyA,
which is located upstream of lacZ in the same direction of transcription as the lacZ
gene of the transposon Tn5-B20.
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.fluorescens ATCC 13 525. The restriction map and the locations of the
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The presence of DNA sequence similar to theczr determinant has already been
described in the genome of other P. aeruginosa strains including strain PAO 1 (Hassan
et al., 1999). Hybridization of the czyR probe with the genomic DNA of other
Pseudomonas strains confirmed the presence ofc.ryR-similar sequences in P.
aeruginosa PAOl. With c.ryR, the hybridizing EcoRI fragment of PA01 has the same
size (~6. 0 kb) as the hybridizing EcoRI fragment of the czr gene cluster described in
the work of Hassan et al. (1999), thus confirming the strong similarity between the czy
and czr genes. DNA sequences similar to c.ryR were also detected in P. syringae, but
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P. syringae, but the signal was not as strong as in P. aeruginosa PAOl. These
hybridization studies imply that similar metal response regulator genes are common
among other non-metal resistant Pseudomonas strains.
It is hypothesized that microorganisms developed resistance mechanisms to
cope with heavy metals as early as prokaryotic life started (Silver and Phung, 1996).
These organisms would already have encountered toxic metals at high concentrations
in their environments due to volcanic activities and geochemical events (Nies and
Brown, 1998). Therefore, it is not surprising that metal resistance systems are
widespread in many Gram-positive and Gram-negative bacteria. Bacteria that are
highly resistant to metals tend to have resistance mechanisms located on plasmids or
transposons. Similar genes were found on the chromosomes of related bacteria
especially since the advancement of genome sequencing (Ji and Silver, 1995). For
example, genes that are homologous to the plasmid-borne arsenic and antimony
resistance systems have been found on the chromosomes of E. coli and P. aeruginosa
(Cai et al., 1998). As mentioned before, genes related to the plasmid-borne czc genes
from A. eutrophus are found on the chromosomes of metal resistant and clinical P.
aeruginosa strains. Thus, it can be postulated that the chromosomal genes served,
after duplication and modification during evolution, as ancestors of the plasmid-borne
heavy metal resistant genes.
In addition to the functional analysis of the czyORSA genes, the significant
sequence similarities of the czy genes with czc and czr operons suggest that czy genes
of P. fluorescens may confer tolerance to zinc and cadmium in a similar manner to the

plasmid-borne Czc cation-proton antiporter efflux system. The levels of metal
tolerance conferred by the czy genes are however considerably lower when compared
to the tolerance level conferred by the czc and czr systems of A eutrophus and P.
aeruginosa, respectively. Moreover, czyO, czyS and czyA genes do not mediate
tolerance to Co2+, the third metal the czc system of A eutrophus confers resistance to.
Thus, the metal resistance genes that confer high levels of resistance such as the czc
genes probably originated from housekeeping genes involved in maintaining
homeostasis of intracellular concentration of essential metals.
The czy genes are not the only cadmium and zinc tolerance genes identified in
P. fluorescens ATCC 13525. Two different genetic regions that are involved in metal
tolerance were identified from a related approach analyzing differential gene
expression in the presence of zinc (T. Wilson and S. Rossbach, unpublished work).
One mutant was found to be sensitive to Cd 2+, Zn 2+ and Cu 2+ but the DNA region in
which Tn5 is inserted did not display similarities with any known genes from other
organisms. Thus, the metal-sensitive phenotype of this mutant shows that Tn5 had
disrupted a novel locus that plays a role in metal tolerance. The Tn5-B20 insertion in
another mutant was located in an ORF that shares similarity with metal-efflux P-type
ATPases. Insertion of Tn5 in this ORF resulted in a Cd 2+and Zn2+-sensitive
phenotype of this mutant. Therefore, we know that P. fluorescens ATCC 13525
utilizes metal defense mechanisms that involve at least two types of metal ion efflux
pumps, a putative cation-proton antiporter efflux pump and a putative P-type ATPase
pump to rid the cells of elevated levels of cadmium and zinc. As a future experiment,
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it will be interesting to generate a double mutant in czyA and gene encoding the
putative P-type ATPase in P. fluorescens.
In conclusion, this thesis describes the isolation and characterization of a DNA
region from P. fluorescens containing several metal tolerance genes. Sequence
analysis of this region revealed seven open reading frame�, czyO, czyR, czyS, czyA,
czyB, czyC and czyD. The latter six ORFs, when translated, share similarity with
proteins involved in metal ion efflux in highly metal-resistant bacteria. Four of these
genes were found to play a role in metal tolerance. Defined mutations in the czyO,
czyR, czyS, czyA genes resulted in either an increased sensitivity to zinc, or cadmium
and zinc. Thus, common soil bacteria contain mechanisms that are similar to those
found in bacteria isolated from metal polluted environments.

_Appendix A
Nucleotide Sequence and the Predicted Amino Acids of the DNA Fragment
Containing the Complete czyO, czyR, czyS and czyA Genes
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1

EcoRI
GAATTCGTCCTGGCGCACGTGTGCCGGCACCAGATCATCAATGTGGCGCCCCAAGATGTTGGTGGCCTGGTACGCCAGTTCCTGCAGGAA
CTTAAGCAGGACCGCGTGCACACGGCCGTGGTCTAGTAGTTACACCGCGGGGTTCTACAACCACCGGACCATGCGGTCAAGGACGTCCTT
F E D Q R V H A P V L D D I H R G L I N T A Q Y A L E Q L F

91

GTTGGCATTTGCCCACTCCACCCGGCCTTCGGCATCCAGCGTCAGGCACAGCATTTCACTTTCCAGGCTCTCCTTGACCTGTTGCAAGCT
CAACCGTAAACGGGTGAGGTGGGCCGGAAGCCGTAGGTCGCAGTCCGTGTCGTAAAGTGAAAGGTCCGAGAGGAACTGGACAACGTTCGA
N A N A W E V R G E A D L T L C L M E S E L S E K V Q Q L S

181

CGACAACTCTTCGCGAAGAGCTGACAGCTCCTGCTTCAAACGGGTGTTGAACATGGGGCACCGATGATCATTTGAGGAGATGAATCTGAC
GCTGTTGAGAAGCGCTTCTCGACTGTCGAGGACGAAGTTTGCCCACAACTTGTACCCCGTGGCTACTAGTAAACTCCTCTACTTAGACTG
S L E E R L a S L E Q K L R T N F M P C R H D N S S I F R V

271

CTGCATCGGCGCTGCCGGGATTTTCTGAAGTGCTTTTTAGCCCTTCGCCCACCTGTTTTTCTGGCGCGATTAACCACCATTATTCCGGCA
GACGTA
Q M

361
451
541
631
721

GATGCCCATCACTTGGTATTCAAGGGTATTGAGCTTGCCGCTGGAGTCTTCATAGGTCATGCGCGACGGCACCGGATTGCACGAACGGAT
CGGTGGGGTGACGTTGACCACGTTGGCGATGTCCAGCGTCATACCATAGCGGTAGGCCTGTACCTCGGGTGCCGGCAGCCCCTTTTTTGC
GGCGTAAGCCGCCATGGCTTTCTCATTGCGTTCCATCATCAGGGCAAAGGTGCGATCACCACCGCCTTCGGCCACTGCACTGAACGACAG
GATTGCAGTGAATACACCCAGGCCAATTTTATAAAAGTTCATTACGGGTTCCTCGTCTAAGAAGTTCAGTGACAAGCGTAATGAAGCAAC
CCTGACGCGATGTTCACCAAACCATTACTTATTTGTTAGGTAGCCGTGACTTTCCAGGATTGTAATGTCCACGCAATGAAGTCGTTATCC
c�
SD
GCTGTTTGCAACTATCAGCCCGGGCCAGATCAATAAGAACGCCCACTGCCTATAAGAAGCTGAACACTGCCAACACCGAGGAGCGAAACA
M

811
901

TGAATATTGCTTACTACACCTTCCCTTTTCATTGCTGCCGCACTGCCCTGGCAGCCGTGGCGGTGGAGGACAAGCCTGAAGGTTTTATCG
N I A Y Y T F P F H C C R T A L A A V A V E D K P E G F I E

991

AAGGCAGCAGCGTGAACGTGCTGGCGCGCAATTTTTACTTCAACCGCGACGACCGCAAGGGCCAATCCAGCCCCACCGGCAACGGTTATT
G S S V N V L A R N F Y F N R D D R K G Q S S P T G N G Y S

1081

CCGAAGCCTGGGCGCAGGGCTTGATCGGCAAGTTCGAATCCGGCTTTACCCAAGGCACCGTGGGGTTTGGCCTGGATGCGTTTGCCATGT
E A W A Q G L I G K F E S G F T Q G T V G F G L D A F A M Y

1171

ACGGCCTGAAACTCGACTCCGGCACCGGCCGCAGCGGCGGCAAGGGTTCGTTCGGCATGCTGCCGGTGGACAGCAATAACCACCCCGAAA
G L K L D S G T G R S G G K G S F G M L P V D S N N H P E S

1261

GCGGCTACAGCAAATTCGGCGGCGCCGCGAAAGTGCGCGTGCTCGACACGGTCTTCAAAGCCGGTGACGTGTTCCCCGCCACGCCGGTGG
G Y S K F G G A A K V R V L D T V F K A G D V F P A T P V V

1351

TGGCCGCCGGCGACTCACGCCTGTTGCCGCAAAGCTTTCGCGGTGTCACCGCGCAAAACACCAGCCTTGAAGGCCTGAACCTCCAGGGCG
A A G D S R L L P Q S F R G V T A Q N T S L E G L N L Q G G

1441

GGCGCCTGAGCGACATGAGCCAGCCAAGTGAAAGTGGCATGAACAAAGGCTTTGCGACGTTCTACGCGGGCAAGGTCGATGCCCCCTGGA
R L S D M S Q P S E S G M N K G F A T F Y A G K V D A P W I

1531

TCGGTTACGTCGGCGGCGACTACACCGTCAATAAACACCTCAGTGTCAGTCTCTACAGCAGCCGCCTGAAAGACGCCTGGGATCAGTATT
G Y V G G D Y T V N K H L S V S L Y S S R L K D A W D Q Y Y

1621

ACGTGGGCAGTGCCGCCACTTACCCGCTGACCGACACCGTCTCTTTGTTCGGCGACGTCAACTATTACAAAGCCGTCGACGAGGGTAAAA
V G S A A T Y P L T D T V S L F G D V N Y Y K A V D E G K K

1711

AGCTGCTGGGCGAATTCGATAACAACATCTGGAGCGCCAGGCTCGGGGTGAGGGCCGGCGCCCACAGCGTGGCCGTGTCGCACCAGCGCA
L L G E F D N N I W S A R L G V R A G A H S V A V S H Q R N

1801

ACAACGGCGACGACGACTTCGATTACCTGCGCCAATCGGACTCGATCTTCCTCAACAACTCGATCCAGTACAGCGACTTCAACTCGCCCA
N G D D D F D Y L R Q S D S I F L N N S I Q Y S D F N S P K

1891

AGGAGCGCTCGTGGATGCTGCGCTACGACCTCGACATGCAGGCGTTCGGCATTCCCGGCCTGTCGTTCATGACCCGCTACGGCAAAGGCA
E R S W M L R Y D L D M Q A F G I P G L S F M T R Y G K G T

1981

CCGGCGCCGATTACAGCCATGCCAACGCGGTGTACATGCGCCGCGATGCGGCGGGCAATCCGCTGACGGATCAGCGTCGCTGGGAGCGGG
G A D Y S H A N A V Y M R R D A A G N P L T D Q R R W E R D

2071

ACGTCGAGGCCAGGTACGTGGTGCAAAGTGGCAGCCTGAAGGATTTGTCATTGCGGTTACGCCAGGCCACCGTGCGCTCCAGCGCTTTCG
V E A R Y V V Q S G S L K D L S L R L R Q A T V R S S A F E

2161

AATCAGATCTGGAGGAAGTGCGCTTGATTGCCGAATACCCGCTAGTAGCACTTTGACCTGCGTTTACATTCGTTCGCCATTAACTAACAT
S D L E E V R L I A E Y P L V A L

'

-....}
00

2251
2341
2431
2521

CTGCTCACAAATAGATAACTATCAAAACTGTAACATTGCGTTCAGCTTCTCGTTAAGTTGAACTTCCTATACTCGCTTCAACTTCGTTGC
ACCGAGCACATTCATCTCTGAAGCTTTTGTGTAGCTCCTTTGGAAAGAGATGAATTTTTAACGCCCCGCTGGGGCGTTTTTTTTGCCCGC
TGGCTGAGTCGCGACCAATGGTCGCAGTTGACCCTGAAGCTACTTCAGACTTCAGAATTTCCCTACTCTCAAGACACCTGCCTCCATAGG
SD
GAAATGGACCTCTTCTCCTTCAGTAAAAGGTAAATTTTCTATGCGTATCCTTGTGGTTGAGGACGAGCAAAAAACCGCTGACTATTTGCA
M R I L V V E D E Q K T A D Y L Q

cr.:t.4

2611

GCAAGGCCTGAGTGAAAGTGGCTATGTGGTCGATTGCGCGTCCAATGGCATCGACGGCCTGCACCTGGCCGGGCAGCACGCCTATGAGTT
Q G L S E S G Y V V D C A S N G I D G L H L A G Q H A Y E L

2701

GGTCATTCTTGACGTCAACCTGCCGGGCAAGGATGGCTGGGAAGTGCTCGAGCAATTGCGCCGCAACGGCACGCAACGGGTGATGATGCT
V I L D V N L P G K D G W E V L E Q L R R N G T Q R V M M L

2791

GACCGCGCGTGGCCGGCTGGCCGACAAGATCAAAGGCCTGGACATGGGCGCCGATGATTACCTGGTCAAGCCTTTCGAGTTTCCCGAATT
T A R G R L A D K I K G L D M G A D D Y L V K P F E F P E L

2881

GCTCGCGCGGGTCCGCACCCTGCTGCGCCGCAGTGAGCATATCCCGCAACCGGAAGTCTTCAGCGTGCAGGACCTGGAGCTGGACCCGCG
L A R V R T L L R R S E H I P Q P E V F S V Q D L E L D P R

2971

CCGCCATCGCGCGTATCGCGGCTCCCGACGGATCGACCTGACCACCAAAGAGTTCGCCCTGCTGCAGGTGTTGATGCGCCAAACCGGCGA
R H R A Y R G S R R I D L T T K E F A L L Q V L M R Q T G E

3061

AGTGCTGACCCGCACGCAAATCATTTCGCTGGTGTGGGACATGAATTTCGACTGCGACACCAATGTGGTGGAAGTCTCCATCAGCCGCCT
V L T R T Q I I S L V W D M N F D C D T N V V E V S I S R L
SD
GCGGGCCAAGGTCGATGACCAGAGCGAGGTCAAGCTGATCCACACCATTCGCGGCGTGGGTTATGTGCTGGAGGCGCGCGGATGAAAACC
R A K V D D Q S E V K L I H T I R G V G Y V L E A R G *
M K T

3151

9!4

3241

GGCAGTTTGTCGATGCGCCTGGGGCTGACGGTCAGTGTAATGGGCGCGGGCCTGGTGCTGTTGCTGGCAACCCTGGCGTACCTGGCCCTG
G S L S M R L G L T V S V M G A G L V L L L A T L A Y L A L

3331

ACCCACGAACTGGAAAAGCTGGCGCGCAAGGGCCTGGAAAGCAAGATGGAACAGATCCAGCACAGCGTGGCCCAGGGCATGGACCTGAAC
T H E L E K L A R K G L E S K M E Q I Q H S V A Q G M D L N

--.J
\0

3421

ACCATTCGCGCCCGCCCGCATTCACTGATGGACCTGGTGATCGGCCATGACAACTTCTACCTGACCATCGTCGGCACCGCCCCCGACGAA
T I R A R P H S L M D L V I G H D N F Y L T I V G T A P D E

3511

AGCGTGCTGCTGAGCACCGGGGCCAAGCCTCAGACGCCTTTGCTCACTGACTTCACCCCACGGGAAACCCTCGGTTACCTCAACTGGACC
S V L L S T G A K P Q T P L L T D F T P R E T L G Y L N W T

3601

GACAGTTATGGCAACCAGGTGCTCAGTGCCTCCAGCCTGATGCGCCTGGCCAGCGGCGAACGTGTACGCGTGCTGCTGTCCCTGGACCGC
D S Y G N Q V L S A S S L M R L A S G E R V R V L L S L D R

3691

ACCGACGATCAAGCGCTGCTCAGTGCCTATCTGCGCGCCACGGTGATCGCCTTGCCCATGCTGCTGCTGCTGATCGGCATGGGTGCCTGG
T D D Q A L L S A Y L R A T V I A L P M L L L L I G M G A W

3781

TGGCTGGTGCAGCGCGGCCTGGCGCCGTTGAAACAGTTCAGCCATGTGGCGGCCAAAGTCACCACTCAGGACCTCACCCATCGCCTTTCC
W L V Q R G L A P L K Q F S H V A A K V T T Q D L T H R L S

3871

GTCGATAACCTGCCCCAAGAGCTGGGCGAGTTGGCGCAAGGCTTTAATGTGATGCTCAATCGCCTGGACGCTGGGGTGCAGCAACTGTCG
V D N L P Q E L G E L A Q G F N V M L N R L D A G V Q Q L S

3961

CAATTCTCCGATGACCTTGCCCACGAATTGCGCGCGCCCCTGACCAACCTGATGGGCAAAGCCCAGTTGACGCTGTCGCGCCAGCGCCCG
Q F S D D L A H E L R A P L T N L M G K A Q L T L S R Q R P

4051

CCTGACGAATACAAAGCCGTGCTCGAATCCAACACCGAAGAGCTGGAGCGCCTGGCGCGTATCGTCTCCGACATGCTGTTTCTGGCCCAG
P D E Y K A V L E S N T E E L E R L A R I V S D M L F L A Q

4141

GTCAGCCACCCGGCGGCACGCGCTTCGTTCGCGGCGGTGTCGCTGGCGGCTGAATCGGAGCGGGTGATGGACTTGTTCGCCCTCAGTGCC
V S H P A A R A S F A A V S L A A E S E R V M D L F A L S A

4231

GAAGACAAACAACTGACCCTGACCCTCAGCGGCGATGCTCAGGTGCACGGCGATCGCCTGATGATCCAGCGCGCCCTGTCGAACCTGCTG
E D K Q L T L T L S G D A Q V H G D R L M I Q R A L S N L L

4321

TCCAATGCCATCCGCCACAGCCCGGCGGGCTCGCATATTTCGCTGCTGGTGGAAGCCTACGGGAGCACGGCGTCGGTGTCGGTCAGCAAC
S N A I R H S P A G S H I S L L V E A Y G S T A S V S V S N

4411

CCTGGCCCCGGCATCGAAGCGCGCCACCTGCCGCACCTGTTCGAACGCTTCTACCGTGTCGACAGCAGCCGCGCTCGCACCGAGGGTGGC
P G P G I E A R H L P H L F E R F Y R V D S S R A R T E G G
00
0

4501

ACCGGCCTGGGCCTGGCCATCGTGCGCTCGATCATGACCCTGCACCAGGGGCAGGCTGAAGTGCGCAGCCTGCCCGGTGGTTTCACCGTG
AGTGGCAC
T G L G L A I V R S I M T L H Q G Q A E V R S L P G G F T V
* R

4591

TTTCGCCTGGTGTTTCCTCTTCCTTGCGATGCGCCCACTGATAAAGCGCCGGCAGCACCAGCAAGGTCAGCAACGTAGAAGAAATAATCC
AAAGCGGACCACAAAGGAGAAGGAACGCTACGCGGGTGACTATTTCGCGGCCGTCGTGGTCGTTCCAGTCGTTGCATCTTCTTTATTAGG
F R L V F P L P C D A P T D K A P A A P A R S A T *
T E G P T E E E K R H A W Q Y L A P L V L L T L L T S S I I

4681

CGCCAATCACCACCGTCGCCAACGGGCGCTGCACTTCGGCGCCGGTGCCGGTGGCCAGGGCCATCGGGATAAACCCCAGGGACGCCACCA
GCGGTTAGTGGTGGCAGCGGTTGCCCGCGACGTGAAGCCGCGGCCACGGCCACCGGTCCCGGTAGCCCTATTTGGGGTCCCTGCGGTGGT
G G I V V T A L P R Q V E A G T G T A L A M P I F G L S A V

4771

GCGCGGTCATTAATACCGGGCGCAATCGGGTCAGCGCGCCCTCGTTGACCGCCACCGATAACGCGCGCCCTTCCTCACGCAGGTTGCGGA
CGCGCCAGTAATTATGGCCCGCGTTAGCCCAGTCGCGCGGGAGCAACTGGCGGTGGCTATTGCGCGCGGGAAGGAGTGCGTCCAACGCCT
L A T M L V P R L R T L A G E N V A V S L A R G E E R L N R

4861

TGAAGGCAATCATCACCAGCCCGTTGAGCACCGCGACACCGGACAAGGCGATAAAGCCCACCCCCGCCGAAATCGACAATGGAATATCGC
ACTTCCGTTAGTAGTGGTCGGGCAACTCGTGGCGCTGTGGCCTGTTCCGCTATTTCGGGTGGGGGCGGCTTTAGCTGTTACCTTATAGCG
I F A I M V L G N L V A V G S L A I F G V G A S I S L P I D

4951

GCAGCCACAGCGCCATGATCCCACCCGTCAATGCGAAAGGAATCCCGGTAAACACCAACAGGCCGTCCTTGAGGTTGTTGAACATCATGA
CGTCGGTGTCGCGGTACTAGGGTGGGCAGTTACGCTTTCCTTAGGGCCATTTGTGGTTGTCCGGCAGGAACTCCAACAACTTGTAGTACT
R L W L A M I G G T L A F P I G T F V L L G D K L N N F M M

5041

ACAACAGCCCGAACACCAACAGCAACGCCACTGGCACCACGATGCGCAAACGCTCGGACGCTTCCTTCAACTGTTCGAACTGGCCGCCCC
TGTTGTCGGGCTTGTGGTTGTCGTTGCGGTGACCGTGGTGCTACGCGTTTGCGAGCCTGCGAAGGAAGTTGACAAGCTTGACCGGCGGGG
F L L G F V L L L A V P V V I R L R E S A E K L Q E F Q G G

5131

AGGTGGTCCAGTAACCGGCGGGGACTTTCACCTGTGTGTTGATGGCTGCCTCGGCCTCTTCGACAAACGAACCGATATCCCGCCCGCGCA
TCCACCAGGTCATTGGCCGCCCCTGAAAGTGGACACACAACTACCGACGGAGCCGGAGAAGCTGTTTGCTTGGCTATAGGGCGGGCGCGT
W T T W Y G A P V K V Q T N I A A E A E E V F S G I D R G R

......

00

5221

CGTTGGCGCTGACGATCACCAGGCGCTTGCCGTTCTCGCGGCTGACCTGGTTGGGACCGAGCACCAGGTCCAGGCTGGCGACCTGGGACA
GCAACCGCGACTGCTAGTGGTCCGCGAACGGCAAGAGCGCCGACTGGACCAACCCTGGCTCGTGGTCCAGGTCCGACCGCTGGACCCTGT
V N A S V I V L R K G N E R S V Q N P G L V L D L S A V Q S

5311

AGGCAATAAAGCCCAACTGCCCAGCCGCACTGCCGGCCAGCGCCGGCACCGGAATCAGCAGCCGTGACAGCCCGTCGATATCGGTGCGTA
TCCGTTATTTCGGGTTGACGGGTCGGCGTGACGGCCGGTCGCGGCCGTGGCCTTAGTCGTCGGCACTGTCGGGCAGCTATAGCCACGCAT
L A I F G L Q G A A S G A L A P V P I L L R S L G D I D T R

5401

GTGCGTCGGACAAACGCACGACCATGTCAAAGCGGCGATCACCTTCGTACAACGTACCGGCCTGACGCCCGCCCACGGCGACCGCAATGG
CACGCAGCCTGTTTGCGTGCTGGTACAGTTTCGCCGCTAGTGGAAGCATGTTGCATGGCCGGACTGCGGGCGGGTGCCGCTGGCGTTACC
L A D S L R V V M D F R R D G E Y L T G A Q R G G V A V A I

5491

TGTCCTGCACATCGCCCACATTCAGGCCGAAACGCGCGGCCTTCTCGCGGTCGATATTGATGGTCAGCACCGGCAAGCCGGAGGTCTGCT
ACAGGACGTGTAGCGGGTGTAAGTCCGGCTTTGCGCGCCGGAAGAGCGCCAGCTATAACTACCAGTCGTGGCCGTTCGGCCTCCAGACGA
T D Q V D G V N L G F R A A K E R D I N I T L V P L G S T Q

5581

CGACCTTGACTTCCGAGGCGCCTTCGAGCTTTTGCAGGGTCTCGGCGATTTCCGCGGCGGTCTTGTTGAGCACCGCCATGTCGTCACCAA
GCTGGAACTGAAGGCTCCGCGGAAGCTCGAAAACGTCCCAGAGCCGCTAAAGGCGCCGCCAGAACAACTCGTGGCGGTACAGCAGTGGTT
E V K V E S A G E L K Q L T E A I E A A T K N L V A M D D G

5671

ACACCTTCACTGCCACATCACTGCGCACCCCGGAAATCAGCTCGTTGAAGCGCAGCTGGATCGGTTGCGACAGTTCATACGCACTGCCCG
TGTGGAAGTGACGGTGTAGTGACGCGTGGGGCCTTTAGTCGAGCAACTTCGCGTCGACCTAGCCAACGCTGTCAAGTATGCGTGACGGGC
F V K V A V D S R V G S I L E N F R L Q I P Q S L E Y A S G

5761

GCACAATCGCACTGGCGCGCTGGATGTCGGCAATCAGCGTCTCGCGGGATTTGTTTGGATCGGGCCACTGTGCCTTCGGTTTAAGCATTA
CGTGTTAGCGTGACCGCGCGACCTACAGCCGTTAGTCGCAGAGCGCCCTAAACAAACCTAGCCCGGTGACACGGAAGCCAAATTCGTAAT
P V I A S A R Q I D A I L T E R S K N P D P W Q A K P K L M

5851

CGTAGCTGTCGGAAATATTCGGCGGCATCGGGTCTGAGGCGATTTCTGCGGTGCCGGTGCGCGCAAAAACCCGCTCGATTTCCGGCACCT
GCATCGACAGCCTTTATAAGCCGCCGTAGCCCAGACTCCGCTAAAGACGCCACGGCCACGCGCGTTTTTGGGCGAGCTAAAGGCCGTGGA
V Y S D S I N P P M P D S A I E A T G T R A F V R E I E P V

5941

GGGCCAGCAATGTTTTCTCAAGCTGCTGCTGCATCTGCACCGATTGCGTCAGGCTGGTGCCCGGCACGCGCAGGGCCTGTTGGGCGAAGT
CCCGGTCGTTACAAAAGAGTTCGACGACGACGTAGACGTGGCTAACGCAGTCCGACCACGGGCCGTGCGCGTCCCGGACAACCCGCTTCA
Q A L L T K E L Q Q Q M Q V S Q T L S T G P V R L A Q Q A F
00
N

6031

CGCCTTCGCTGAGGCTGGGAATGAATTCACTGCCCATGCGGCTGGCCAGCGCCCCAGAGGCGACGATGGTCAACACCGCCAAGCCAAACA
GCGGAAGCGACTCCGACCCTTACTTAAGTGACGGGTACGCCGACCGGTCGCGGGGTCTCCGCTGCTACCAGTTGTGGCGGTTCGGTTTGT
D G E S L S P I F E S G M R S A L A G S A V I T L V A L G F

6121

CCCATGGACGGCGTGCCATTACCCAGTGCAGCACCGGCGCATAGACCCGCCGCGCCGTGCGCATCACCAGGTTTTCTTCTTCCTTGACCT
GGGTACCTGCCGCACGGTAATGGGTCACGTCGTGGCCGCGTATCTGGGCGGCGCGGCACGCGTAGTGGTCCAAAAGAAGAAGGAACTGGA
V W P R R A M V W H L V P A Y V R R A T R M V L N E E E K V

6211

TGCCGGTGACGAACAGCGCAATCGCGGCCGGCACGAACGTCACCGACAGAATCATCGCACCCAGCAGCGCGATCACCACGGTGAAGGCCA
ACGGCCACTGCTTGTCGCGTTAGCGCCGGCCGTGCTTGCAGTGGCTGTCTTAGTAGCGTGGGTCGTCGCGCTAGTGGTGCCACTTCCGGT
K G T V F L A I A A P V F T V S L I M A G L L A I V V T F A

6301

TCGGGTGGAACATCTTCCCGGCCACACCCGTGAGGGCGAAGATCGGCAGGTAAACCACCATGATGATCAGTTGCCCGAAGATCAGCGCCC
AGCCCACCTTGTAGAAGGGCCGGTGTGGGCACTCCCGCTTCTAGCCGTCCATTTGGTGGTACTACTAGTCAACGGGCTTCTAGTCGCGGG
M P H F M K G A V G T L A F I P L Y V V M I I L Q G F I L A

6391

GCCGCGCCTCTTTGGCCGCCGCGAACACTTCGTGCAACCGCTCGCTGCGGGTCAACAAACGGCCGTGGCGCTGTTGCGCATGTGCCAGGC
CGGCGCGGAGAAACCGGCGGCGCTTGTGAAGCACGTTGGCGAGCGACGCCCAGTTGTTTGCCGGCACCGCGACAACGCGTACACGGTCCG
R R A E K A A A F V E H L R E S R T L L R G H R Q Q A H A L

6481

GGCGGATGGCGTTCTCGACGATCACCACCGCGCCGTCGACGATAATGCCGAAGTCCAGTGCGCCAAGACTCATCAGGTTGGCGCTGACTT
CCGCCTACCGCAAGAGCTGCTAGTGGTGGCGCGGCAGCTGCTATTACGGCTTCAGGTCACGCGGTTCTGAGTAGTCCAACCGCGACTGAA
R R I A N E V I V V A G D V I I G F D L A G L S M L N A S V

6571

TGTTGGTAAACATCCCGGTAAAGGTGAACAACATCGCCAGGGGAATCACCATTGCGGTGATCAACGCCGCGCGGATGTTGCCCAGGAACA
ACAACCATTTGTAGGGCCATTTCCACTTGTTGTAGCGGTCCCCTTAGTGGTAACGCCACTAGTTGCGGCGCGCCTACAACGGGTCCTTGT
K N T F M G T F T F L M A L P I V M A T I L A A R I N G L F

6661

GGAACAACACCGCAACCACCAGCAGCGCACCTTCGAAGAGGTTTTTCTTCACGGTGGCGATGGCTTTTTCCACCAGGTTGGTGCGGTCGT
CCTTGTTGTGGCGTTGGTGGTCGTCGCGTGGAAGCTTCTCCAAAAAGAAGTGCCACCGCTACCGAAAAAGGTGGTCCAACCACGCCAGCA
L F L V A V V L L A G E F L N K K V T A I A K E V L N T R D

6751

ACACGGTCACGGCAACCACGCCTGCCGGTAGCGAACGGTTGATCTCTGCGAGTTTTTTCGCCACCGCCTGGGACACGGTACGGCTGTTTT
TGTGCCAGTGCCGTTGGTGCGGACGGCCATCGCTTGCCAACTAGAGACGCTCAAAAAAGCGGTGGCGGACCCTGTGCCATGCCGACAAAA
Y V T V A V V G A P L S R N I E A L K K A V A Q S V T R S N
00

w

6841

CACCGATCAACATGAATACCGTGCCCAGCACCACTTCACGGCCGTTTTCGGTGGCCGCGCCGGTGCGCAGCTCACGGCCGATGTCGACCT
GTGGCTAGTTGTACTTATGGCACGGGTCGTGGTGAAGTGCCGGCAAAAGCCACCGGCGCGGCCACGCGTCGAGTGCCGGCTACAGCTGGA
E G I L M F V T G L V V E R G N E T A A G T R L E R G I D V

6931

GCGCCACATTGCGCACGCGGATCGGCGTGCCATCGGAAGTGGTGATCACGATATTGGCGATGTCATCAATCGACGCCACTTGCCCCGGTG
CGCGGTGTAACGCGTGCGCCTAGCCGCACGGTAGCCTTCACCACTAGTGCTATAACCGCTACAGTAGTTAGCTGCGGTGAACGGGGCCAC
Q A V N R V R I P T G D S T T I V I N A I D D I S A V Q G P

7021

CGCGGATCAGCAGTTGCTCGCCGCTGCGCTCGATGTAACCCGCGCCGACGTTGGCGTTATTGCGTTCAAGGGCCGTGACCAAATCACTCA
GCGCCTAGTCGTCAACGAGCGGCGACGCGAGCTACATTGGGCGCGGCTGCAACCGCAATAACGCAAGTTCCCGGCACTGGTTTAGTGAGT
A R I L L Q E G S R E I Y G A G V N A N N R E L A T V L D S

7111

ACGTCAGGTTGTAGGCCGCGAGGCGCTTGGGGTCCGGGGCAATCTGATATTCCTTGGCAAAGCCGCCGATGGTGTTGATCTCGGCCACAC
TGCAGTCCAACATCCGGCGCTCCGCGAACCCCAGGCCCCGTTAGACTATAAGGAACCGTTTCGGCGGCTACCACAACTAGAGCCGGTGTG
L T L N Y A A L R K P D P A I Q Y E K A F G G I T N I E A V

7201

CCGGCACGTTGCGCAGTTGCGGCTTGATGATCCAGTCCTGGATCACGCGCAGGTCGGTCGGCGTGTAGGGCGTGCCGTCCTCTTTGAGTG
GGCCGTGCAACGCGTCAACGCCGAACTACTAGGTCAGGACCTAGTGCGCGTCCAGCCAGCCGCACATCCCGCACGGCAGGAGAAACTCAC
G P V N R L Q P K I I W D Q I V R L D T P T Y A T G D E K T

7291

CGCCGTCCTCGGCCTCGACGGTCCACAGGAAAATTTCCCCGAGGCCGGTGGAAATCGGCCCCATGGCGGTGTCGATGCCGGTAGGCAATT
GCGGCAGGAGCCGGAGCTGCCAGGTGTCCTTTTAAAGGGGCTCCGGCCACCTTTAGCCGGGGTACCGCCACAGCTACGGCCATCCGTTAA
A G D E A E V T W L F I E G L G T S I P G M A T D I G T P L

7381

GTCCACGGGCGACCTGCAGGCGCTCATTGACCAATTGGCGGGCGAAGAACAGGTCGGTACCGTCTTTGAAAATCACCGTCACCTGGGACA
CAGGTGCCCGCTGGACGTCCGCGAGTAACTGGTTAACCGCCCGCTTCTTGTCCAGCCATGGCAGAAACTTTTAGTGGCAGTGGACCCTGT
Q G R A V Q L R E N V L Q R A F F L D T G D K F I V T V Q S

7471

AACCGGAGCGCGACAGCGACCGCGTCTGCTGCAGACCCGGCAACCCGGCCATGGCGGTTTCGATGGTTGGTGTAATGCGCTGTTCGGTTT
TTGGCCTCGCGCTGTCGCTGGCGCAGACGACGTCTGGGCCGTTGGGCCGGTACCGCCAAAGCTACCAACCACATTACGCGACAAGCCAAA
L G S R S L S R T Q Q L G P L G A M A T E I T P T I R Q E T

7561

CCAGCGGCGAAAACCCGGCCGCCGCCGAGTTGATCTGCACCTGCACATTGGTGATGTCGGGTACCGCGTCGATGGGCAATTTCTGATAGC
GGTCGCCGCTTTTGGGCCGGCGGCGGCTCAACTAGACGTGGACGTGTAACCACTACAGCCCATGGCGCAGCTACCCGTTAAAGACTATCG
E L P S F G A A A S N I Q V Q V N T I D P V A D I P L K Q Y
00

�

7651

7741
7831

TGGCGATGCCGACACCGGCCATCAACAGCATGGCCAGCAGCACGATGATGCGCTGCTCGATGGCAAATTGGATAAGGCGCTCAAACATGG
ACCGCTACGGCTGTGGCCGGTAGTTGTCGTACCGGTCGTCGTGCTACTACGCGACGAGCTACCGTTTAACCTATTCCGCGAGTTTGTACC
S A I G V G A M L L M A L L V I I R Q E I A F Q I L R E F M
SD
GGAATCACTCGCAGGATCAATGGGCGTGCTCGGCCGAGCCTTTACGCCATTTCGACTTGAGGATGAAGCTGCCGGCCGTCGCCACCTGTG
CCTTAGTGAGCGTCCTAGTTACCCGCACGAGCCGGCTCGGAAATGGGTAAAGCCTGAACTCCTACTTCGACGGCCGGCAGCGGTGGACAC
* H A H E A S G K G M E S K L I F S G A T A V Q
�
CCCCGGCGTTCGAGGC
GGGGCCGCAAGCTCCG
A G A N S A

Nucleotide Sequence of the 7846-bp DNA Fragment Containing the Complete czyO, czyR, czyS and czyA Genes and Their
Respected Predicted Proteins. The numbers on the left represent the numbers of nucleotides. The underlined sequences
represent the putative Shine-Dalgarno sequences (SD). The stop codons are indicated by asterisks.

00
Vt
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